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1.  INTRODUCTION 


This  is  the  final  report  for  the  program  entitled  "Investigation  of  GaAs  Layers 
Grown  by  Molecular  Beam  Epitaxy  at  Low  Temperature"  which  was  undertaken  from 
October  1, 1991  through  September  30, 1994.  At  the  beginning  of  this  program,  the  low- 
temperature-grown  (LTG)  GaAs  has  just  started  been  used  as  the  gate  insulator  of  a  GaAs 
MISFET  to  improve  the  breakdown  voltage.  At  the  end  of  the  three  year  period,  the  LTG 
GaAs  has  been  successfully  used  as  the  passivation  layer  for  MESFETs  to  increase  the 
breakdown  voltage  and  a  self-aligned  LTG  GaAs  MISFET  has  been  developed  for  high¬ 
speed  low-power-consumption  applications. 


2.  PROGRAM  OBJECTIVES 

The  objective  of  this  program  is  to  study  the  properties  of  the  LTG  GaAs  under 
various  growth  and  external  annealing  conditions  and  how  the  properties  change  of  the 
LTG  GaAs  in  a  device  will  affect  its  characteristics.  The  work  has  been  concentrated  on 
the  use  of  the  LTG  GaAs  as  the  gate  insulator  and  surface  passivation  layer  of  a  FET-type 
device.  A  particular  emphasis  is  placed  on  the  improvement  of  the  breakdown  voltage  and 
the  gate  leakage  current  of  the  FET. 


3.  ACCOMPLISHMENTS 
3.1  DEVELOPMENT  OF  OVERLAPPING-GATE  MESFET 

A  MESreT  with  LTG  GaAs  passivation  and  an  overlapping-gate  structure  has  been 
developed.  The  transconductance  gm  is  higher  than  that  of  an  LTG  GaAs  MISFET  because 
the  gate  is  a  Schottky  contact  instead  of  the  MIS  structure  in  the  MISFET.  However,  the 
breakdown  voltage  of  the  new  overlapping-gate  MESFET  is  comparable  to  that  of  the 
MISFET.  The  overlapping-gate  MESFET  has  been  characterized  carefully  and  a  theory  for 
the  high  breakdown  is  proposed  based  on  computer  simulations. 

3.1.1  Fabrication  of  the  Overlapping-gate  MESFET  with  LTG  GaAs  passivation 

In  the  LTG-GaAs  development  program  proceeding  to  this  one  the  LTG  GaAs  was 
used  as  the  gate  insulator  in  a  MISFET  which  has  achieved  a  gate  breakdown  voltage  more 
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than  double  that  of  a  conventional  MESFET  without  surface  passivation.  It  is  speculated 
that  the  high  breakdown  voltage  is  the  result  of  the  presence  of  the  high-iesistivity  LTG 
GaAs  between  the  conducting  channel  and  the  gate-metallization  near  the  drain-side.  Since 
the  electric  field  is  the  highest  under  the  normal  operation  condition  of  a  FET,  a  high  gate- 
breakdown  voltage  can  still  be  achieved  even  the  MIS  structure  is  form  only  at  the  edge  of 
the  gate.  In  an  overlapping-gate  MESFET,  the  drain  current  is  controlled  by  the  Schottky- 
contact  portion  of  the  gate,  taking  advantages  of  the  more  effective  modulation  of  the 
conducting  channel  while  the  breakdown  voltage  is  determined  by  the  overlapping  portion 
of  the  gate  which  is  placed  on  top  of  the  LTG  GaAs  passivation  layer. 

The  overlapping-gate  MESRET  consists  of  a  1000-A-thick  GaAs  active  layer  which 
is  doped  to  4  x  10*"^  cm-3  with  Si.  A  2{X)0-A-thick  LTG  GaAs  was  grown  on  top  of  the 
active  layer  as  the  surface  passivation  and  another  2000-A-thick  LTG  GaAs  is  under  the 
active  layer  as  the  buffer.  There  is  a  100-A-thick  AlAs  layer  between  the  GaAs  channel  and 
the  LTG  GaAs  buffer  as  well  as  the  passivation  layers.  All  the  layers  were  grown  by 
molecular  beam  epitaxy  (MBE)  at  580  *C  except  for  the  LTG  GaAs  which  was  grown  at 
200  *C.  A  1  ^un  gate  was  deOned  and  the  LTG  GaAs  passivation  and  the  AlAs  barrier  in 
this  area  was  etched  to  exposed  the  conducting  channel.  Then  a  gate  overlay  was  patterned 
to  lift  off  the  gate  metallization.  The  length  of  the  gate  overlap  is  approximately  0.2  urn  on 
each  side  of  the  gate.  A  detailed  description  of  the  overlapping-gate  MESFET  can  be  found 
in  Appendix  A. 

The  gm  of  the  overlapping-gate  MESFET  is  136  raS/mro  which  is  slightly  higher 
than  the  120  mS/mm  for  a  control  MESFET  which  has  LTG  GaAs  passivation  but  without 
gate  overlap.  The  breakdown  voltage  for  the  overlapping  gate  MESFET  is  42  V  which  is 
very  close  to  the  45  V  breakdown  voltage  of  a  MISFET  with  the  same  dimensions.  The 
unity-current-gain  frequency  fpis  4.8  GHz  for  the  overlapping-gate  MESFET  and  5.3  GHz 
for  the  control.  The  lower  fpis  attributed  to  a  slight  increase  in  the  gate  capacitance  due  to 
the  overlap.  However,  the  contribution  of  the  additional  capacitance  is  small  and  this  is 
also  confirmed  by  the  simulation  which  will  be  discussed  in  section  3.2.  The  values  of  the 
maximum  frequency  of  oscillation  fmax  are  15.2  and  14.4  GHz  for  the  overlapping-gate 
and  control  MESFET,  respectively.  This  higher  f^ax  could  be  caused  by  a  higher  output 
resistance  Rout  of  the  overlapping-gate  MESFET. 

It  has  been  shown  that  the  overlapping-gate  MESFET  with  LTG  GaAs  passivation 
has  a  much  improved  breakdown  voltage  while  the  high-frequency  performance  is 
comparable  to  a  conventional  MESFET. 
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3.1.2  Dependence  of  the  Breakdown  Voltage  on  the  Gate  Overlap 

It  has  been  shown  that  using  an  overlap  gate  structure  can  significantly  increase  the 
gate  breakdown  voltage  of  a  MESFET.  The  goal  of  this  experiment  is  to  investigate 
whether  the  length  of  the  gate  overlap  would  affect  the  breakdown  voltage. 

A  new  mask  set  which  consists  of  MESFETs  with  varying  length  of  gate  overlap 
was  designed.  The  length  of  the  overlap  ranges  from  0  to  1.2  tun  while  the  length  of  the 
Schottky  contact  portion  of  the  gate  was  kept  at  approximately  1.2  tim.  The  source  drain 
spacing  is  7  jira  for  all  the  devices.  The  breakdown  voltage  is  43  V  when  there  is  no  gate 
overlap  and  reaches  the  highest  value  of  52  V  with  a  0.6-tim  gate  overlap.  Beyond  this 
point  the  breakdown  voltage  begins  to  decrease  with  increasing  overlap  and  measures  45  V 
at  1.2-tim  overlap.  For  comparison,  LTG  GaAs  MISFETs,  in  which  the  entire  gate 
metallization  is  on  the  LTG  GaAs,  were  also  fabricated  on  the  same  wafer.  With  a  fixed 
gate  length,  the  breakdown  voltage  increases  monotonically  with  the  spacing  between  the 
edge  of  the  gate  and  the  ohmic  contact 

For  the  MESFET  with  0.6  iim  gate  overlap,  the  spacing  between  the  edge  of  the 
overlapping  portion  of  the  gate  and  the  ohmic  contact  is  1.9  pm  and  the  breakdown  voltage 
of  the  MISFET  with  l.9-|im  gate-drain  spacing  is  49  V  which  is  close  to  the  52  V  for  the 
MESFET.  For  MESFETs  with  gate  overlap  more  than  0.6  }im  the  breakdown  voltage  is 
very  close  to  the  breakdown  voltage  of  the  MISFETs  with  the  same  gate-ohmic  spacing. 
The  following  conclusions  were  drawn  from  this  study:  (1)  Gate  overlap  increases  the 
breakdown  voltage.  (2)  The  breakdown  voltage  increases  with  the  length  of  the  overlap 
but  the  rate  of  increase  drops  significantly  beyond  approximately  0.2-jim  of  overlap.  (3) 
The  breakdown  in  an  overlapping-gate  MESFET  takes  place  at  the  overlapping  portion  of 
the  gate  instead  of  at  the  Schottky  contact  (4)  When  the  edge  of  the  gate  becomes  too  close 
to  the  ohmic  contact  (~  1.9  fun  in  our  devices)  the  breakdown  voltage  of  both  the 
overlapping-gate  MESFET  and  MISFET  is  determined  mainly  by  the  spacing  between  the 
gate  and  the  ohmic  contact 
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3.1.3  Stability  of  MESFETs  with  LTG  GaAs  passivation 


Because  in  an  overlapping-gate  MESFET  portions  of  the  gate  metallization  are  on 
the  LTG  GaAs  which  contains  many  traps  and  may  introduce  frequency-dependent 
properties.  Because  the  gm  and  Rout  of  a  MESFET  are  sensitive  to  the  traps  at  the  surface 
of  the  conducting  channel,  these  parameters  vary  with  the  frequency  at  which  they  were 
measured  in  accordance  with  the  charge  and  discharge  time,constants  of  the  traps. 

In  this  experiment  the  frequency  dispersion  of  gm  and  Root  was  measure  on 
MESFETs  having  LTG  GaAs  surface  passivation  with  and  without  gate  overlap.  For 
comparison,  a  conventional  MESFET  without  surface  passivation  was  also  included  as  the 
control  sample.  The  layer  structure  and  the  fabrication  process  for  the  MESFETs  were 
discussed  in  the  previous  section.  When  the  MESFET  is  biased  in  the  drain-current 
saturation  region,  which  is  the  common  bias  condition  for  an  amplifier,  the  gm  variation  of 
the  LTG-GaAs  passivated  MESFET  is  smaller  than  that  of  the  MESFET  without  surface 
passivation  in  the  20  Hz  to  20  kHz  frequency  range  tested.  Actually,  the  gm  of  the 
overlapping-gate  MESFET  shows  no  measurable  change  for  the  entire  frequency  change. 
The  Rout  of  the  overlapping-gate  MESFET  is  much  higher  than  that  of  the  MESFETs  with  a 
conventional  gate  structure  and  does  not  vary  with  the  frequency  either. 

It  appears  that  the  LTG  GaAs  is  a  good  surface  passivation  layer.  The  overlapping- 
gate  structure  insures  that  there  is  no  exposed  channel  surface  and  can  further  reduce  the 
frequency  dispersion  phenomenon  that  is  related  to  the  surface  traps.  A  more  detailed 
description  can  be  found  in  Appendix  B. 


3.1.4  Low-Frequency  Noise  of  the  MESFET  with  LTG  GaAs  Passivation 

The  phase  noise  and  the  low-frequency  noise  of  a  regular  GaAs  MESFET  without 
surface  passivation  and  an  overlapping-gate  MESFET  with  LTG  GaAs  passivation  were 
compared.  The  two  MESFETs  have  the  same  physical  dimensions  and  channel  doping 
concentration  with  differences  only  in  the  surface  passivation  and  the  gate  structure. 
Because  the  type  of  the  noise  mentioned  depends  strongly  on  the  traps  at  the  surface  of  the 
conducting  channel,  this  experiment  provides  information  on  the  effect  of  the  LTG  GaAs 
passivation. 
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Both  the  low-frequency  noise  and  phase-noise  measured  with  1-GHz  carrier  show 
that  the  noise  of  the  overlapping-gate  MESFET  is  much  lower  than  that  of  the  unpassivated 
MESFET.  At  1  Hz  offset  frequency,  the  difference  is  more  than  20  dB.  The  noise  of  the 
unpassivated  MESFET  follows  closely  the  1/f  relation  with  the  frequency.  On  the  other 
hand,  the  noise  fall-off  of  the  overlapping-gate  MESFET  is  more  gradual,  indicating  the 
LTG  GaAs  change  the  characteristics  of  the  traps  at  the  surface  of  the  conducting  channel. 
With  the  same  forward  bias  on  the  gate  of  the  two  MESFETs,  the  gate  current  of  the 
overlapping-gate  MESFET  is  slightly  higher  but  the  total  noise  associated  with  the  gate 
current  is  lower,  providing  a  quieter  operation. 

As  described  in  Appendix  C,  the  LTG  GaAs  passivation  changes  the  surface  traps 
characteristics  and  reduces  the  low-frequency  and  phase  noise  of  the  MESFET.  Therefore, 
the  overlapping-gate  MESFET  with  LTG  GaAs  passivation  is  more  desirable  for 
applications  such  as  oscillators  which  are  very  sensitive  to  the  low-frequency  noise. 


5.2  THEORY  FOR  THE  BREAKDOWN  OF  OVERLAPPING-GATE  MESFET 

The  breakdown  voltage  of  an  overlapping-gate  MESFET  with  LTG  GaAs 
passivation  is  comparable  to  that  of  an  LTG  GaAs  MISFET  even  though  part  of  the  gate 
metallization  is  placed  directly  on  the  highly-doped  conducting  channel.  In  order  to  explore 
the  reasons  behind  it,  computer  simulations  were  used  to  study  these  devices.  A  two- 
dimensional  device  simulation  program,  BLAZE,  has  been  acquired  for  this  purpose. 

The  dimensions,  such  as  the  gate  length  and  the  channel  thickness,  were  reduced 
from  the  actual  devices  fabricated  to  shorten  the  simulation  time  and  ensure  convergence. 
Since  many  variables,  such  as  trap  densities  and  the  impact-ionization  coefficients  in  the 
LTG  GaAs,  are  unknown,  it  is  not  the  intention  of  this  work  to  match  the  simulation  results 
with  the  experimental  data.  The  goal  is  to  understand  the  breakdown  mechanisms  and 
explain  why  the  breakdown  voltage  of  the  overlapping-gate  MESFET  with  LTG  GaAs 
passivation  is  always  higher  than  that  of  an  LTG-GaAs  passivated  MESFET  with  a 
conventional  gate  structure.  Since  the  breakdown  voltage  of  the  unpassivated  MESFET  is 
much  lower  than  those  just  mentioned,  it  is  also  our  intention  to  find  out  how  the  surface 
passivation  affects  the  breakdown  voltage  and  the  requirements  for  a  good  passivation 
layer. 
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The  device  structures  and  the  simulation  results  can  be  found  in  Appendix  D  and 
only  a  brief  summary  is  discussed  here.  The  most  important  factor  of  achieving  a  high 
breakdown  voltage  is  to  have  an  increasing  depletion  width  at  the  surface  of  the  conducting 
channel  from  the  drain  to  the  gate.  In  an  overlapping-gate  MESFET,  the  electric  field 
originated  form  the  overlapping  portion  of  the  gate  widens  the  surface  depletion  region 
between  the  gate  and  drain.  The  highest  electric  field  is  shifted  from  the  Schottky  contact  to 
the  location  directly  under  the  edge  of  the  overlapping  portion  of  the  gate.  Since  the  LTG 
GaAs  has  a  very  high  field  strength,  the  breakdown  voltage  increases  significantly.  The 
surface  passivation  along  can  alter  the  field  lines  between  the  gate  and  the  drain  resulting  an 
increased  breakdown  voltage,  the  planar  nature  of  the  regular  gate  structure  makes  this 
improvement  less  effective.  Although  any  high-resistivity  dielecoic  can  be  used  as  the 
surface  passivation,  the  LTG  GaAs  appears  to  be  the  optimal  choice  because  of  its  matched 
dielectric  constant  and  it  can  be  grown  in  situ  to  maintain  the  best  interface  quality.  The 
gate  capacitance  increases  slightly  due  to  the  gate  overlap,  resulting  in  a  lower  fj. 

However,  a  higher  output  resistance  and  breakdown  voltage  should  make  up  for  the  higher 
gate  capacitance  for  high-power  and  high-efficiency  applications. 


3.3  SELF-ALIGNED  LTG  GaAs  MISFET 

The  LTG  GaAs  MISFETs  previously  reported  suffer  relative  high  source  and  drain 
resistance  because  the  same  doped  active  layer  is  used  for  both  the  channel  under  the  gate 
and  the  areas  between  the  gate  and  the  ohmic  contacts.  Lowering  the  source  and  drain 
resistance  would  increase  gm  and  reduce  the  knee  voltage,  making  the  LTG  GaAs 
MISFETs  ideal  for  high-speed  and  low-power-consumption  applications  because  of  their 
very  low  gate  leakage  current  in  both  forward  and  reverse  bias  conditions.  Instead  of  using 
complicated  techniques,  such  as  etch  and  overgrowth,  a  simpler  self-aligned  ion- 
implantation  approach  is  taken.  Self-aligned  n+  implantation  has  been  widely  used  to 
reduce  the  source  resistance  of  GaAs  MESFETs  in  an  integrated  circuit  (IC).  A  new  issue 
associated  with  the  LTG  GaAs  MISFET  is  whether  the  LTG  GaAs  would  degrade 
dramatically  during  the  implant-activation  anneal  and  become  unsuitable  as  the  gate 
insulator. 

The  epitaxial  layers  consist  of  a  2500-A-thick  undoped  GaAs  buffer,  a  2000- A- 
thick  n-type  GaAs  channel  nominally  doped  to  8  x  10*^  cm-^  with  Si,  a  200-A-thick 
undoped  ALAs  barrier,  an  800-A-thick  undoped  LTG  GaAs  grown  at  200  ‘C,  a  200-A- 
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thick  undoped  AlAs  barrier,  and  a  200- A-thick  undoped  GaAs  cap.  All  the  layers,  except 
for  the  LTG  GaAs,  were  grown  at  600  ‘C.  The  main  difference  between  this  MISFET  and 
those  reported  previously  is  the  addition  of  an  AlAs  barrier  layer  on  top  of  the  LTG  GaAs 
gate  insulator.  This  AlAs  barrier  layer  is  essential  to  prevent  out-diffusion  of  the  excess  As 
and  thus  maintain  the  high  resistivity  of  the  LTG  GaAs  layer.  The  700- A-thick  W  gate  is 
used  as  the  self-aligned  implant  mask 

With  the  700- A-thick  W  gate  as  the  self-aligned  mask  the  source  and  drain  regions 
were  implanted  with  Si  using  one  of  the  implant  schedules.  In  one  schedule,  the  energy 
was  30  keV  and  the  total  dose  was  2  x  10*^  cm-2.  For  the  other  schedule  (sample  B),  the 
energy  was  50  keV  and  the  total  dose  was  3  x  lO^^  cm-2.  The  implanted  samples  were 
annealed  at  800  'C  for  10  s.  A  complete  description  of  the  layer  structures  and  the 
fabrication  process  are  discussed  in  Appendix  E. 

The  sheet  resistance  of  the  channel  between  the  gate  and  the  ohmic  contacts  was 
reduced  from  1700  fi/square  for  the  as-grown  sample  to  620  and  480  f2/square  for  samples 
implanted  at  30  keV  and  50  keV,  respectively.  The  maximum  drain  current  of  the  MISFET 
increases  from  65  mA/mm  gate  width  (Vg*  =  -t-2  V)  to  160  mA/mm  (Vgs  =  -«4  V)  for  the 
sample  implanted  at  30  keV  and  160  mA/mm  (Vg*  =  +6  V)  for  the  sample  implanted  at  50 
keV.  The  fj  also  increases  from  2.2  GHz  to  5.7  and  7.4  GHz  for  these  samples.  The 
forward-bias  gate  current  increased  slightly  for  the  implanted  samples  but  the  LTG  GaAs 
gate  can  still  support  several  volts  of  forward  bias  without  drawing  measurable  gate 
current. 

The  first  self-aligned  LTG  GaAs  MISFET  has  been  developed.  The  degradation  of 

the  LTG  GaAs  gate  after  the  high-temperature  is  minimal  The  improvement  in  the 

maximum  current,  gm,  and  the  fy  demonstrated  the  benefits  of  the  n*  implant  which  has 

been  accepted  as  a  manufacturable  process.  The  success  of  this  work  opens  the  door  to  a 

new  class  of  GaAs  MISFET  with  the  potential  of  being  the  ideal  device  for  low-power  and 

high-speed  applications.  The  fabrication  process  is  simple  and  is  standard  for  GaAs  IC's. 

Because  there  is  no  gate  recess,  the  threshold  voltage  is  determined  mainly  by  the  epitaxial 

* 

growth,  and  good  device  uniformity  can  be  expected. 


3.4  STUDY  OF  THE  LAYER  STRUCTURES  SUITABLE  FOR  IMPLANT- 
ACTIVATION  ANNEALING 
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The  properties  of  the  LTG  GaAs  and  LTG  AlGaAs  are  known  to  vary  with  the 
growth  temperature  and  are  also  expected  to  react  differently  with  the  post-implant  high- 
temperature  annealing.  It  is  likely  that  a  good  insulator  layer  may  degrade  more  severely 
upon  the  high-temperature  annealing  and  becomes  inferior  fo  the  material  grown  under 
different  conditions.  In  this  part  of  the  work,  MIS  diodes  with  various  LTG  GaAs  and 
LTG  AlGaAs  layers  as  the  insulator  were  fabricated.  The  forward-  and  reverse-biased 
current  of  the  diodes  with  and  without  the  high-temperature  annealing  were  compared. 

In  the  first  experiment,  an  800  A  thick  of  either  LTG  GaAs  or  LTG  AljiGa  69AS 
was  used  as  the  insulator  of  the  diode.  The  insulator  was  sandwiched  by  100-A-thick  ALAs 
layers  which  was  grown  at  the  normal  temperature.  The  active  layer  under  the  insulator  is 
5000  A  thick  and  doped  with  Si  to  5  x  10‘6  cm-3.  All  the  layers  were  grown  on  n+  GaAs 
subsu-ates.  As  described  in  Appendix  F,  150-|im-diameter  MIS  diodes  were  fabricated  by 
lifting  off  Ti/Au  metallization. 

Before  an  800-°C  10-s  rapid  thermal  annealing  (RTA),  a  schedule  commonly  used 
for  the  implant  activation,  the  MIS  diode  with  an  LTG  Al3iGa.69As  insulator  grown  at  300 
°C  has  the  lowest  forward-biased  current  and  is  followed  by  the  one  with  LTG  GaAs 
grown  at  200  'C.  After  the  RTA  the  LTG  AljiGa  ^As  degraded  dramatically  and  the 
lowest  current  was  measured  on  diodes  with  the  LTG  GaAs  grown  at  200  *C  insulator. 

The  current  of  the  diode  with  an  LTG  GaAs  insulator  grown  at  350  'C  is  the  highest  with 
and  without  the  RTA.  If  the  AlAs  barrier  layer  above  the  LTG  insulator  was  removed,  the 
amount  of  the  current  increase  after  the  RTA  is  approximately  twice  as  much  as  that  with 
the  AlAs  barrier  layer. 

In  the  second  part  of  the  experiment  the  insulator  was  limited  to  the  LTG  AlGaAs 
and  the  thickness  was  reduced  to  300  A.  In  addition  to  diodes  having  the  LTG 
Al.31Ga.69As  grown  at  300  *C,  diodes  with  the  LTG  A1.43Gaj7As  having  43%  of  A1 
concentration  (which  gives  rise  to  the  highest  diiect-bandgap  energy)  grown  at  300  and  250 
°C  were  also  fabricated.  Without  the  RTA,  the  current  of  the  diode  with  the  LTG 
Al.43Ga.57As  insulator  grown  at  250  °C  is  significantly  lower  than  the  others.  However, 
this  is  also  the  one  that  suffers  the  most  degradation  after  the  RTA.  The  diode  with  the 
LTG  Al.43Ga.57As  insulator  grown  at  300  *C  has  the  lowest  current  after  the  RTA.  For 
comparison,  diodes  with  a  300-A-thick  Al3iGa.69As  grown  at  the  normal  600  C  were 
also  fabricated  and  the  current  of  these  diode  did  not  show  measurable  increase  after  the 
RTA.  However,  in  the  range  of  0  to  1.5  V  of  forward-bias  measured,  the  current  of  the 
diode  with  the  Al.31Ga.69As  grown  at  the  normal  600  *C  is  approximately  1  to  2  orders  of 
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magnitude  higher  than  that  of  diodes  with  LTG  AljiGa69As  or  LTG  Al43Gaj7As  grown 
at  300  *€. 

In  summary,  the  dependence  of  the  forward-bias  diode  current  on  the  high- 
temperature  annealing  varies  widely  with  type  of  the  LTG  insulator.  If  high-temperature 
annealing  is  required  in  the  process,  the  LTG  GaAs  grown  at  200  °C  or  the  LTG 
A1.43Ga jtAs  grown  at  300  “C  yields  the  lowest  leakage  current  when  they  are  used  as  the 
gate  insulator.  On  the  other  hand,  if  no  annealing  is  required  for  device  fabrication,  the 
Al.43Ga.57As  grown  at  250  °C  is  the  insulator  provides  the  lowest  current. 
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Abstract 


Over  the  three-year  course  of  this  program,  the  low-temperature-grown  (LTG) 
GaAs  and  AlGaAs  have  been  incorporated  as  the  gate  insulator  or  surface  passivation  in  a 
variety  of  field-effect-transistors  (FETs).  The  LTG  GaAs  used  as  the  surface  passivation 
layer  in  a  metal-semiconductor  FET  (MESFET)  with  a  novel  overlapping  gate  structure 
increased  the  breakdown  voltage  by  two  folds  compared  to  a  regular  MESFET,  The  LTG 
GaAs  passivation  also  greatly  improved  the  surface  quality  of  the  device,  resulting  in  a 
reduced  low-frequency  noise  and  minimal  frequency  dispersions  of  the  transconductance 
and  the  output  resistance.  The  mechanisms  for  the  improved  breakdown  voltage  have  been 
studied  by  computer  simulation.  Self-aligned  GaAs  metal-insulator-semiconductor  FETs 
(MISFETs)  having  an  LTG  GaAs  gate  insulator  have  been  developed.  The  performance  of 
the  MISFET  was  improved  significantly  by  the  ion-implanted  high-doping-concentration 
source  and  drain  regions.  A  variety  of  the  LTG  GaAs  and  LTG  AlGaAs  with  different  A1 
mole  fractions,  that  can  be  used  as  the  gate  insulator,  have  been  grown  to  study  the  effects 
of  the  growth  temperature  and  the  thickness  on  the  properties  of  the  MISFETs. 
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High-Breakdown-Voltage  MESFET  with  a  Appendix  A 
Low-Temperature-Grown  GaAs  Passivation 
Layer  and  Overlapping  Gate  Structure 


Chane-Lce  Chen,  Member.  IEEE.  Leonard  J.  Mahoney,  Michael  J.  Manfra,  Frank  W.  Smith, 
Member.  IEEE,  Donald  H.  Temme,  Member.  IEEE,  and  Arthur  R.  Caiawa 


Abstraet-Gika  MESFET’s  were  fabricated  astog  a  low-tem- 
peratnre^owB  (LTG)  high-resisUvity  GaAs  layer  to  passivate 
the  doped  channel  between  the  gate  and  source  and  between  the 
gate  and  drain.  The  gate  was  fabricated  such  that  the  source  and 
drain  edges  of  the  metal  gate  overlapped  the  LTG  GaAs  passiva- 
don  layer.  The  electric  fields  at  the  edges  of  the  gate  were 
reduced  by  this  special  combination  of  LTG  GaAs  passivation 
and  gale  geometry,  resulting  in  a  gate-drain  breakdown  voltage 
of  42  V.  This  value  is  over  higher  than  that  of  simOar 
MESFET’s  fabricated  without  the  gate  overiap. 


I.  Introduction 

The  gate-drain  breakdown  voltage  of  a  GaAs  MESFET 
is  one  of  the  most  important  factors  limiting  its  maxi¬ 
mum  output  power.  Methods  to  increase  the  breakdown 
voltage,  such  as  a  double  gate  recess  and  increased  gate-drain 
spacing,  are  often  accompanied  by  lower  RF  gain  and/w 
drain  saturatioo  current.  Attempts  to  increase  the  gate-drain 
breakdown  voltage  by  placing  an  insulator  between  the  gate 
metal  and  the  MESFET  channel  usually  introduce  undesir¬ 
able  interface  states.  Recently,  GaAs  MISFET’s  with  a  low 
interface-state  density  were  realized  using  a  high-resistivity 
low-temperature-grown  (LTG)  GaAs  layer  as  the  gate  insula¬ 
tor  [1],  [2].  A  substantial  increase  in  breakdown  voltage  has 
been  achieved  with  LTG  GaAs  layers  as  thin  as  500  A. 

The  gate-breakdown  mechanism  is  still  not  completely 
understood.  It  is  generally  believed  tihat  breakdown  occurs  at 
the  gate  edge  nearest  the  drain  where  the  electric  field  is 
higher  or  along  the  surface  between  the  gate  and  drain 
[3|-[5).  The  high  breakdown  voltage  of  the  LTG  GaAs 
MISFET  has  been  attributed  to  a  reduced  electric  field  near 
die  gat«^  due  to  the  presence  of  the  high-resistivity  LTG  GaAs 
insulator.  The  LTG  GaAs  has  the  further  advantage  in  that  it 
apparently  introduces  negligible  interftux  states  [6]. 

Since  the  highest  electric  field  occurs  at  the  drain  side  of 
the  gate  edge,  a  high  gate-breakdown  voltage  can  still  be 
achieved  even  if  the  MIS  structure  is  formed  only  at  the  edge 
of  the  gate.  We  rq»rt  the  develc^iment  of  a  GaAs  MESFET 
with  an  overlapping-gate  structure  that  has  a  breakdown 
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voltage  substantiaUy  higher  than  that  of  a  conventional  MES¬ 
FET.  The  bottom  of  the  Schottly-barrier  gate  contacts  the 
rhaniifti  as  in  a  conventional  MESFET,  but  both  gate  edges 
rest  on  LTG  GaAs  passivation  layers.  In  this  stnictuie, 
parameters  such  as  drain  current  and  transconductance  g,,  do 
not  differ  from  those  of  conventional  MESFET’s,  and,  in 
addhinn,  it  can  be  ^lied  to  odier  devices  such  as  the 
high-electron-mobility  transistor  (HEMT). 

n.  Devke  Fabrication 

Schematic  representations  of  the  layer  structures  and  cross 
sections  of  a  conventional-gate  MESFET  and  an 
overlapping-gate  MESFET  are  shown  in  Fig.  1.  Both  devices 
have  LTG  GaAs  surface  passivation  layers.  The  epitaxial 
layers,  similar  to  those  used  for  our  LTG  GaAs  MISFET  [2], 
were  grown  by  molecular  beam  epitaxy  and  consist  of  a 
20(X>-A-thick  LTG  GaAs  buffer  layer,  a  l(X)-A-thick  AlAs 
layer,  a  l(XX>-A-thick  GaAs  active  layer  doped  with  Si  to 
4  X  lO”  cm”*,  a  100-A-thick  AlAs  layer,  and  a  2000-A- 
thick  LTG  GaAs  layer.  The  growth  temperature  was  190*C 
for  the  LTG  GaAs  layers  and  580*C  for  aU  other  layers. 
Conventional-gate  and  overlapping-gate  MESFET’s  were 
fabricated  on  respective  wafers  having  this  layer  structure. 
Ohmic  contacts  were  formed  by  first  etching  through  the  lop 
LTG  GaAs  and  AlAs  layers  and  then  depositing  Ni/Ge/An 
contact  pads  direedy  on  the  conducting  n-GaAs  layer. 

On  the  wafer  used  for  the  MESFET  with  a  conventional 
structure,  the  gate  area  was  first  defined  by  phouiresisL 
The  LTG  GaAs  and  AlAs  layers  were  then  etched  away  in 
the  gate  opening  and  the  conducting  GaAs  channel  ans 
recessed  to  obtain  a  drain  saturation  current  I^„  of  200 
mA/min  of  gate  width.  Next,  Ti/Au  was  evaporated  and  the 
gate  was  formed  by  a  lift-off  of  the  photoresist  pattern. 

Oa  die  wafer  used  for  the  overL^ing-gate  structure,  the 
«anrv-  mask  as  used  above  was  used  to  define  an  opening 
for  the  removal  of  the  LTG  GaAs  and  AlAs  layers  for  the 
channel-recess  etch  (again  to  an  I^  value  of  200  mA/mm). 
This  resist  layer  was  removed  after  etching.  A  wider  gate 
opening  that  overlaps  the  gate-recess  region  and  die  LTG 
GaAs  top  layer  near  the  edges  of  the  recess  region  was 
defined  for  the  gate  lift-off  using  a  second  layer  of  photore¬ 
sist.  The  gate-recess  length,  drain-source  spacing,  and  gtte 
width  were  1.5,  6,  and  250  /tm,  respectively.  Proton  imp^ 
tation  was  used  for  device  isolation.  The  width  of  the  gale 
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(a)  Cooveatioaal  gate,  (b)  Overiapping  gate. 


overlap  is  less  than  0.3  nm  on  either  side  of  the  gate  recess. 
In  one  area  on  this  wafer,  the  LTG  GaAs  and  the  conducting 
GaAs  layers  in  the  gate  region  were  not  etched,  allowing 
MISFET’s  similar  to  those  reported  in  [2]  to  be  fabricated  on 
the  wafer  with  the  overlapping-gate  MESFET’s. 

m.  Results  and  Discussion 

The  Kfa  characteristics  of  the  overlapping-gate  MES- 
FET  are  shown  in  Fig.  2.  The  80-/ts  pulse  mode  of  the  curve 
tracer  was  used  to  reduce  the  heat  generated  by  the  device. 
Near  pinchoff,  there  is  no  noticeable  excessive  drain  current 
for  as  high  as  35  V.  The  g*  values  are  120  and  136 
mS/nun  for  the  conventional-gate  and  the  overlapping-gate 
MESFET’s,  respectively.  The  higher  g„  for  the  overiap- 
ping-gate  MESFET  may  be  due  to  the  differences  in  gate 
structure  or  may  be  simply  due  to  the  difference  in  series 
resistance  caused  by  process-related  variations  in  ohmic  con¬ 
tacts  and  gate-source  spacing.  With  die  overlapping-gate 
MESFET  biased  in  the  saturadon  r^km,  the  long-term  drain 
cunent  drift  was  less  than  1%  and  no  g^,  dispersion  was 
observed  for  ftequencks  between  20  Hz  and  20  kHz. 

The  breakdown  voltages  for  different  devices  are  listed  in 
TaUe  I.  The  gale-drain  breakdown  voltage,  defined  at  200- 
ItA/mm  gale  airrent.  is  25  V  for  die  conventional-gate 
MESFET  and  42  V  for  the  overlqiping-galc  MESFET.  At 
pinchoff,  the  drain-source  breakdown  voltages  for  the  con¬ 
ventional-gate  and  overlapping-gale  MESFET’s  are  22  and 
35  V,  reflectively.  In  contrast,  the  Iweakdown  voltages  for  a 
standard  MESFET  fabricated  with  this  same  mask  set  but 
withont  an  LTG  GaAs  passivation  layer  are  10  V  for  the 
drain— source  breakdown  atvI  15  V  for  the  gate— drain  break¬ 
down.  _ 

Hie  characteristics  of  the  LTG  GaAs  MISFET  fabricated 
on  die  «a»T»e  wafer  used  for  die  oveilapping-gate  MESFET 
are  «iniil»r  to  those  rqmrted  previously  fH-  Th®  forward  gate 
turn-on  vtdtage,  also  defined  at  200  /lA/mm  of  gate  current. 


Fig.  2.  Ibe  cfauacaerinic*  of  a  MESFET  with  an  overiappiiig 

Tbs  gale  voiuge  for  ihe  top  carve  it  0  V.  The  kiiiks  in  the  lop  carve 
are  believed  lo  be  canted  by  peiatiiict  in  the  measuiemenl  ttup  which 
beenne  hnponant  in  the  KM  pntae  mode. 


TABLE  I 

Bbeadown  Vcltaobs  poa  FETt 


LTG-OaAt-Patiivmed  LTG-OaAt-Pattivaied 
MESFET  wiihaHl  MESFET  with  LTG  OaAt 

Gate  Overlap  Gate  Overlap  MISFET 


OaK-Diaia 


fotakdowB  (V) 

25 

42 

45 

Dfim-Sonroe 

Breakdown  (V) 

22 

35 

37 

IS  4.5  V  for  die  MISFET  compared  to  0.4  V  for  the  MES¬ 
FET  on  the  same  wafer.  The  gate-drain  breakdown  volt^ 
and  drain-source  breakdown  voltage  at  pindioff  for  the 
MISFET  are  45  and  37  V,  reflectively.  Compared  to  the 
overlapping-gate  MESFET,  the  slighdy  higher  breakdown 
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votaige  in  the  MISFET  is  due  to  the  added  dielectric-break¬ 
down  voltage  of  the  LTG  GaAs  gate-insulator  layer  itself. 

Note  that  although  the  gate  has  a  Scfaottky  contact  to  the 
foorfiicting  channel  in  the  overiapping-gate  stnictuie,  the 
bieakdown  voltages  are  nearly  equal  to  those  of  the  MISFET , 
in  which  the  entiie  gate  metallization  rests  on  a  high-resistiv- 
ity  LTG  GaAs  layer.  Apparently,  the  LTG  GaAs  in  both 
structures  eliminates  the  premature  breakdowns  in  FBI’s. 
The  iw<-hani<m  for  tius  effect  is  not  clear.  It  is  possible  that 
the  depletion  region  under  the  gate-overlap  portion  simfriy 
reduces  the  electric  field  at  the  gate  edge. 

The  scattering  parameters  of  these  MESFET’s  were  mea¬ 
sured  with  =  6  V  and  K,,  =  0  V.  The  unity-current-gain 
frequency  is  4.8  GHz  for  the  overlapping-gate  MESFET 
and  5.3  GHz  for  the  conventional-gate  MESFET.  The  lower 
/j.  is  attributed  to  a  slight  increase  in  the  gate  capacitance, 
llie  values  of  maTimum  frequency  of  oscillatioo  are 
1S.2  and  14.4  GHz  for  the  overl^ing-gate  and  OHiven- 
tional-gate  MESFET’s,  respectively.  For  K,,  =  - 1.1  V,  the 

f _ of  the  overiapping-gate  MESFET  increased  firnn  13.6 

GIfe  for  =  8  V  to  15.1  GHz  for  =  15  V  while  /, 
fr^  4.7  to  4.2  GHz  for  the  same  voltage  range. 
There  was  no  unusual  degradation  at  large  The  drain 
current  was  biased  at  approximately  half  of  die  to 
inintmiTe  beating  effects. 

In  a  preliminary  experiment  for  power  measurement,  an 
amplifier  with  ei^t  overlapping-gate  MESFET’s  connected 
in  parallel  (approximately  4-iiun  total  gate  width)  was  tested 
at  1.2  GHz.  The  amplifier  was  biased  in  class  B  and  the 
output  power  increased  with  the  drain  bias.  At  =  14  V, 
the  amplifier  delivered  1.5  W  of  ouqiut  power  with  11  dB  of 
gain  and  46%  of  power-added  efikiency.  The  estimated 
maTimum  voltage  between  the  gate  and  the  drain  during  the 
negative  half-cycle  of  the  input  signal  reached  33  V.  The 
performance  can  be  further  inqiroved  by  optirmzing  the 
■tnpi^afiry.  matching  circuit  of  the  amplifier,  and  by  redesign¬ 
ing  the  device  structure  to  reduce  the  source  and  drain 
resistances.  The  output  power  per  unh  gate  width  of  the 
overiapping-gate  MESFET  is  much  hi^ier  than  that  of  com¬ 
mercially  available  GaAs  power  MESFET’s  that  we  have 
measured  using  the  —mn  experimental  sehqi.  Ihe  commer¬ 
cial  devices  had  a  gate  breakdown  voha^  of  approximately 
20  V,  and  hence  could  not  sustain  die  same  hi^  drain  bias 
applied  to  die  overiapping-gate  MESFET. 


IV.  Summary 

A  substantial  increase  in  the  bieakdown  voltage  of  a  GaAs 
MESFET  has  been  adiieved  by  using  an  LTG  GaAs  surfKe 
passivatioo  layer  and  a  metal  gate  that  overlaps  the  LTG 
GaAs  layer  at  the  edges  of  the  gate.  This  increase  in  break¬ 
down  voltage  was  obtained  without  sacrificing  drain  cunent 
or  gain  and  our  measurements  show  no  evidence  of  trap-re¬ 
lated  performance  degradation.  The  breakdown  voltage  of 
such  a  MESFET  is  approximately  equal  to  that  of  the  LTG 
GaAs  MISFET  minus  the  gate  forward  tum-oa  voltage  of  the 
MISFET,  this  latter  value  being  dominated  by  the  dielectric- 
breakdown  voltage  of  the  LTG  GaAs  gate  insulator.  The 
overhqiping-gate  approach  can  be  applied  to  any  MESFET- 
like  device,  such  as  a  HEMT,  without  interfering  with  the 
device  active-layer  structure.  In  addition  to  improving  the 
breakdown  vrdtage,  die  same  LTG  GaAs  layer  may  also 
riiminatA  die  tied  frv  further  dielectric  passivation.  We 
believe  it  is  possiUe  diat  the  high  breakdown  voltage  can  be 
preserved  when  the  overlapped  portion  of  the  gate  is  short¬ 
ened  to  reduce  die  gate  capacitance.  Studies  are  underway  to 
optimize  die  overiapping-gate  structure. 
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Indexing  tema:  FieU-effect  transistoex  T ransistars,  Semicon~ 
ductor  devices  and  materiab  _ 

Hifh>resisdYity  GaAs  grown  at  low  temperatures  by  molecu¬ 
lar  beam  epitaxy  was  used  as  the  surface  passivatioa  Uyer  of 
MESFETs.  When  these  MESFETs  are  biased  in  the  satura¬ 
tion  regioo,  the  frequency  dispcrsioos  of  the  trans- 
conductance  and  output  resistance  arc  reduced  compared  to 
those  of  a  MESFET  without  a  passivation  layer. 


Introduction:  A  good  passivation  layer  for  a  GaAs  MESFET 
should  result  in  a  MESFET  with  a  high  gate-breakdown 
voltage  and  low  frequency  dispersion  in  both  trans¬ 
conductance  and  output  resistance  We  previously 
demonstrated  that  a  high-resistivity  low-temperature-grown 
(LTG)  GaAs  [1]  layer  on  top  of  the  conducting  channel  pro¬ 
vides  the  desired  high  breakdown  voltage  [2].  We  report  here 
that  MESFETs  with  an  LTG  GaAs  passivation  layer  ^ 
have  low  frequency  dispersion  of  and  in  the  saturation 
rcgioiu 

The  layer  is  grown  in  situ  .by  molecular  beam  epitaxy 
(MBE)  and  is  lattice  matched  to  the  conducting  channel 
Therefore,  the  charge-trapping  states  at  the  surface  of  the  con¬ 
ducting  channel  which  arc  the  source  of  the  dispersion, 
should  be  smaller  in  density  than  that  observed  with  a  dielec¬ 
tric  passivation  layer  applied  ex  sUu  or  with  no  passivation. 

the  frequency  dispersion  characteristics  of  com¬ 
mercially  availabk  MESFETs  vary  widely  depending  on  the 
layout,  structure,  and  passivation  of  the  device  [3-5],  a  simple 
unpassivated  MESFET  having  a  structure  and  layout  similar 
to  those  of  the  MESFETs  with  LTG  GaAs  passivation  has 
been  tested  for  comparison. 

Experiments:  The  gate  and  layer  structures  of  the  MESFETs 
tested  arc  shown  in  Fig.  L  The  LTG  GaAs  passivation  layers 
were  grovim  by  MBE  at  l9(rC  while  the  rest  of  the  Uyers  were 

5G0S6DSGD. 


LTG-GoAs 


Fig.  I  Crois-sertiDW  ef  standard-gate  MESFET  with  LTG  GaAs 
passivatUm,  overlapping-gate  MESFET  with  LTG  GaAs  passtoation, 
MESFET  without  surface  passivasUm 

The  thkkiicss  of  the  top  LTG  GaAs  and  AlAs  Uyen  are  2000  and 
too  A.  respectively. 

(i)  sundardgate 

(ii)  overiapping  pte 

(iii)  without  suffaoe  passivation 

grown  at  58(fC.  The  layers  of  the  MESFET  without  paaiva- 
tion  ¥Yerc  grown  by  metal-organic  vapour  phase  epitaxy 
(MOVPE).  Because  the  dispersion  is  dominated  by  the  surface 
properties  of  the  conducting  channel  the  difference  in  epi¬ 
taxial  growth  technique  should  have  little  effect  on  the  disper¬ 
sion  characteristics.  The  fabrication  processes  are  fairly 
standard  for  GaAs  MESFETs  and  were  reported  in  detail  in 
Reference  2.  The  conducting-channel  layer  of  the  MESFETs 
passivated  with  the  LTG  GaAs  was  not  intentionally  recessed, 
whereas  a  1000  A  gate  recess  was  etched  for  the  MESFET 
without  the  LTG  GaAs  top  layer  to  obtain  a  drain  current 
similar  to  that  in  the  other  devices.  The  influence  of  surface 
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states  should  be  noce  evident  for  the  MESFETs  without  the 
gate  There  was  no  additiona]  dielectric  layer  on  any  of 
the  MESFETs. 

When  a  MESFET  is  biased  below  the  point  of  dra^ 
current  satuntion.  the  di^ienioa  obeenwd  cm  be  attrib- 
uted  to  variation  both  of  the  channel  resistance  directly  under 
the  Schottky  gate  and  of  the  series  resistances  between  the 
gate  and  source  and  between  the  gate  and  drain.  TV  fre¬ 
quency  dependence  of  these  series  resistances  is  dependent  on 
the  modulation  of  the  space  charge  tayer  induced  by  the 
surface  traps  [3.  4],  When  a  more  negative  bias  b  applied  to 
the  gate,  the  channel  resistanoe  under  the  gate  increasingly 
dominates  the  total  reststance  because  of  the  large  de^tion  ^ 
width  of  the  gate.  Consequently,  at  high  negative  pte  bias  the 
relative  frequency  dispersiofi  due  to  surface  states  decreases 

To  study  these  effects,  a  sinusoidal  sigi^  with  varying  fre¬ 
quency  IS  applied  to  the  g;^  or  the  drain  of  the  MESFET, 
and  the  corresponding  drain-current  signal  is  measured  and 
used  to  caknilate  the  frequency  dtspersioo  of  g.  or  R^.  The 
measurement  setup  is  similar  to  that  reported  by  Gobo  et  cL 
[5],  except  that  a  digitising  oscillosoope  was  used  to  replace 
the  voluge  meter.  For  all  the  experiments,  the  g.  or  was 
measured  from  20  Hi  to  20kHz,  and  the  amplitude  of  the 
applied  signal  was  0.2  V. 


1.05, 
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Fig.  2  Measured  ,  Sspersum  Maw  saturation  for  V^^OV  and/or 
negative  at  which  l^for  each  MESFET  is  approximately  15%  of 
drain  current  at  zero  gau  bias 

Labds  OD  the  curva  refer  to  the  structures  of  Fig.  1. 

a 

b  For 

In  the  g,  dispersion  experiment,  the  MESFET  was  first 
biased  below  saturation  with  a  drain  voltage  »  0^  V,  Two 
gate  voltages  were  used  for  each  MESFET,  «  0  V  and 
at  which  the  channel  is  near  pincfaoff  (Le.  where  is  approx¬ 
imately  15%  of  the  drain  current  at  zero  pte  vottapl  The 
oseasured  results  in  Fig.  2  show  that  for  the  MESFET  without 
passivation,  the  oonnaliscd  gJ20kHzVgJ20Hz)  increases 
from  0.8S5  at  K-  *  OV  to  0912  near  pinc^  The  dispersion 
for  the  standard-ptc  MESFET  with  the  LTG  GaAs  passiva¬ 
tion  is  smaller,  and  the  Donnahsed  g.  actually  decreiM  from 
0.985  at  »  OV  to  0945  near  pinchoff.  The  result  indicates 
that  the  influence  of  the  surface  stales  in  a  MESFET  with 
LTG  GaAs  passivation  is  less  than  that  in  a  MESFET 
without  passivation.  A  comparison  with  didcctric-passivated 
MESFETs  [3,  4]  also  shows  that  the  LTG  GaAs  passivation 
is  more  effective.  In  the  overiapping-gate  MESFET,  the  deple¬ 
tion  region  under  the  overiapping  portion  of  the  pte  varies 
with  the  charging  and  discharging  of  traps  in  the  LTG  GaAs 
layer.  Therefore,  the  dispersion  of  g.  is  large,  although  the 
surface  stotes  outside  the  pte  may  contribute  very  little  to  the 
dispersion. 

Next,  the  MESFET  was  biased  in  the  drain-current  satura¬ 
tion  region,  where  the  frequency  dispersions  of  g^  and  R^  arc 
to  the  charging  and  disefaarging  of  the  surface  states  above  the 
portion  of  the  depleted  region  that  is  extended  beyond  the 
pte  electrode  [5].  Tbb  charging  and  dischargmg  dianp  the 
width  of  the  depletion  regioo  and  the  onset  point  of  carrw- 
velodty  saturation  under  the  pte.  The  result  of  g,  dispersion 
in  the  saturation  region  is  summarised  in  Table  1.  The  pte 
biases  were  chosen  to  keep  and  therefore  the  power  dissi¬ 
pation,  approximately  the  same  for  afl  MESFETs.  For  the 
MESFET  without  passivation  the  g,  dispersion  is  l»  than 
that  biased  below  the  saturation  region.  By  compar^n,  no 
dispersion  is  observed  for  the  overiapping-pte  MESFET,  and 
g^  actuaOy  increases  with  increasing  frequency  for  the 
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TmUc  1  VALUES  OF  ^ J20  kHzVtf  J20  Hz)  IN 


SATURATION  REGION 


MESFET  structure 

2-5  4-0 

V 

V 

~Standard-gate  MESFET 

K^  =  2V 

1^3 

Overlapping-gate  MESFET 
K^=  -0-5  V 

lOO 

1^ 

MESFET  without  passivation 
K.  »  -2V 

0-93 

a93 

standard'gzte  MESFET  with  LTG  GaAs  passivation.  As  long 
as  the  MESFETs  are  biased  in  the  saturation  i^on,  varying 
the  drain  bias  has  very  little  effect  on  the  magnitude  of  the 
dispcrsioa. 

In  the  saturation  region,  the  is  more  susceptible  than 
the  g,  to  the  charging  and  discharging  of  the  surface  states 
[5].  As  shown  in  Fig.  3,  of  the  MESFET  without  passive- 


R*.  3  Mm/red  as /unction  cf frequency  for  3V  andV^^ 

OV 

Labch  on  the  curves  rdcr  to  the  struciures  of  Fig.  1. 

tion  decreases  more  than  50%  at  «  0  V  when  the  frequency 
increases  from  20  Hz  to  20  kHz.  By  comparison,  for  the 
standard-gate  MESFET  with  LTG  GaAs  passivation  the  R^ 
increases  slightly  over  the  same  frequency  range,  and  the  R^ 


of  the  overlapping-gate  MESFET  shows  even  smaller  change 
with  frequency. 

Conclusion:  We  have  shown  that  in  the  saturation  region, 
which  is  the  bias  condition  for  roost  MESFET  applkatioos, 
the  dispersion  of  MESFETs  with  the  LTG  GaAs  passiva¬ 
tion  is  less  than  that  of  a  MESFET  without  passivation.  In 
contrast  to  the  case  for  the  MESFET  without  surface  passiva¬ 
tion,  the  of  MESFETs  with  LTG  GaAs  passivation  does 
not  decrease  when  the  frequency  increases.  Because  and 
R^  determine  the  voltage  gain,  the  performance  of  MESFETs 
with  LTG  GaAs  passivation  layers  will  not  deteriorate  with 
increased  operating  frequency.  Based  on  the  dispersion  results 
reported  here  and  the  hi^  breakdown  voltages  already 
demonstrated,  LTG  GaAs  is  ideal  for  passivating  the  surface 
of  GaAs  MESFETs. 
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Low-Frequency  Noise  and  Phase  Noise  in  MESFETS  with 
LTG-GaAs  Passivation 


YAYUN  UN  and  ARTHUR  D.  VAN  RHEENEN 

Electrical  Engineering  Department,  University  of  Minnesota,  Minneapolis, 
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We  report  measurements  of  the  low-ftequency  noise  and  phase 

tional  unpassivated  GaAs  metal  semkmiductorfield-effecttransistorsla^FErB) 

and  of  MESFETs  fabricated  using  an  overlapping-gate  structure  and  tte  Iw- 
temperatiire  grown  aTG)  GaAs  as  a  passivation  layer.  The  noise  of  the  LTG- 
GaAs  passivated  Ml^FET  was  found  to  behave  quite  differently  from  that  of  a 
conventional  MESFET  and  to  be  significantly  reduced  at  low  ofiEsrt  fr^uend^ 
These  observations  are  explained  in  terms  of  the  surface  passivating  effiKt  of  w 
LTG-GaAs.  Low-frequen<y  noise  measurements  seem  to  support  toe  idea  t^t 
the  LTG-GaAs  passivation  reduces  the  number  of  a^ve  traps,  in  particular 
traps  with  large  activation  energies.  Hiese  results  indicate  toat  LTC^^^ 
passivation  can  substantially  reduce  the  near-carrier  phase  noise  of  MESFET- 
based  oscillators. 

Key  words;  LT  GaAs,  noise,  passivation 


introduction 

Since  toe  introduction  ofthelow-temperature-grown 

(LTG)  GaAs  in  1988,*  the  interest  in  ^erent  appli¬ 
cations  ofthis  material  has  been  growing.  Initially,  it 

was  used  exclusively  as  a  buffiw  layer  between  the 
substrate  and  the  active  layer  in  order  to  help  reduce 
the  effect  ofbadf:gating.  Later  applications  focused  on 
increasing  the  gate-drain  breakd<^  voltag^  and  on 
surface  passivation.*  Earlier  noise  measurements 
examined  the  influence  of  an  LTG  GaAs  buffer  on  the 
low-firequency  noise  performance  of  metal  semicon¬ 
ductor  field-effect  transistors  (MESFETs^  and 
pseudomorphicheterojunction  field-effect  transistors.* 

In  this  paper,  we  focus  on  toe  effects  of  toe  LTG^aAs 

on  the  low-frequency  noise  and  phase  noise  of 

BIESFETs  when  the  material  is  used  as  a  passivation 

layer  on  top  of  the  conducting  channeL 
PHASE  NOISE 

An  overlapping-gate  MESFET  with  an  LTG-GaAs 
passivation  layer*  (henceforth  referred  to  as  LTG 
|vngfiFRT^  and  a  conventional  GaAs  MESFET  (hence- 
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forth  referred  to  simply  as  MESFET)  were  used  for 
the  experiments.  The 2000A  thi<^  LTG  GaAs  passiva¬ 
tion  layer  was  grown  in  situ  on  top  of  the  conducting 
ftninntfjl  by  molecular  beam  epitiugr.  No  dielectric 
passivationlayer  was  deposited  toother  the  ME<SFET 
or  the  LTGMESFET.  The  nominal  gate  length  is  1 
pm. 

Ihe  phase  noise  ofthe  devices  was  measured  in  the 
saturation  regime  using  a  1  GHz  carrier.  The  drain 
current  was  60  mA  and  the  drain-to-source  voltage 
was  2.5  V.  As  illustrated  in  Fig.  L  the  phase  noise  of 
the  LTG-MESFET  displays  a  flatter  frequency 
dependence  than  the  MESFET,  whkh  shows  l/f 
dependence,  and  is  15  dB  lower  at  1  Hz  fium  the 
carrier  and  10  dB  faJ^ier  at  100  kHz  finom  the  carrier. 
The  lower  near-carrier  noise  can  be  attributed  to  the 
passivation  of  surface  states  by  addition  of  the  LTG 
GaAa  layer.  To  test  this  assertion,  we  took  low- 
firequen^  noise  measurements  on  sin^e  devices  when 
they  were  biased  in  saturation  as  well  as  the  ohmic 
regime. 

CHANNEL  NOISE 

The  procedure  for  measuring  low-frequenqr  noise 
is  standard  and  has  been  described  els^here.*  The 


Lin.  van  Rhecnen,  Chen,  and  Smith 


PHASE  NOISE 


niEOUENCY(HX) 


Bo.  1.  Room-lefnperature  phase  noise  measurements  o<  devices 
biased^the  saturalioo  regime  with  l^«60inA:  (a)  LTG-MESFET.and 
(b)  MESFET. 


Frequency  (Hz) 


Bo.  2.  Low-(reqoency  noise  o(  the  same  devices  used  in  Rg.  1  lor  the 
pbasa  rxMse  measurement  (a)  LTG-MESFET,  and  (b)  MESFET. 


Frequency  (H4 

Fig.  3.  Noise  spectra  ol  the  LTG-MESFET  in  the  ohmic  regime  lor 
<aieienl  drain  currents.  The  gale-source  voBage  was  kept  Constanta* 

ov.  _ 

most  noteworthy  features  of  our  techni<iue  are  that  it 
aDows  for  amplifier  noise  and  accounts  for  the 
of  &e  amplifier  gain.  In  Fig.  2,  we  show 
the  spectral  intensity  of  the  low-firequency  drain- 
current  fluctuations  of  the  LTG-MESFET  and 
MESFET  in  the  saturation  r^ime  for  a  drain  current 
of  60  mA  and  a  drain-to-source  voltage  of  2.5  V.  Two 
apparent  differences  between  the  devices  are  in  the 


spectral  shape  and  the  magnitude  of  the  noise.  *nie 
MESFET  exhibits  a  1/f-shaped  spectrum  whereas  the 
LTG-device  has  a  weaker  dependence  on  the  frequency. 

The  low-frequency-noise  measurements  were 
consistent  with  the  phase-noise  results.  At  1  Hx,  the 
LTG-GaAs  passivation  reduced  the  phase  noise  and 
amplitude  noise  by  16  suid  26  dB,  respectively. 

The  low-frequency  noise  spec^  for  the  LTG- 
MESFET  bias^  in  the  ohmic  regime  are  shown  in 
Fig.  3.  The  gate  bias  was  kept  at  0  V  while  the  drain 
current  was  varied  from  0.5  to  10  mA  Further analysis 
identified  two  distinct  spectral  contributions:  one 
(flat  at  small  firequendes  and  rolling  off  at  higher 
frequendes)  that  varies  quadraticany  with  the  current 
(typical  of  a  resistor)  and  may  be  associated  with  the 
conducting  channel,  and  one  (l/T-shaped  and  only 
observed  at  small  frequendes  and  small  currents) 
that  varies  linearly  wi^  current.  The  quadratic  com¬ 
ponent  has  a  firequency  dependence  that  is  weaker 
than  1/f  and  can  in  fact  be  modeled  as  a  MeWhorter- 
style^  spectrum  which  is  typical  of  a  coDection  of 
trapping  sites  with  a  distribution  proportional  to  the 
inverse  of  the  trapping  time  constants: 

S^(0  =  (A/n  (arctan(CT,)  -  arctan(0yi, 

where  A  is  a  constant  proportional  to  the  number  of 
traps  that  are  active,  f  the  firequency,  and  1/f,  and  1/ 
^  are  the  limits  of  the  distritution  of  the  trapping  time 
constants.  Such  a  spectrum  is  flat  for  fin^endes 
smaller  than  f,,  rolls  off  as  1/P  for  firequendes  larger 
than  f^,  and  behaves  as  l/fforf,<f<(^  The  component 
that  increases  linearly  with  operati^  current  can  be 

modeled  as  having  a  Iff  dependence.  _ 

Similar  measurements  on  the  MESFETs  in  the 
ohmic  regime  reveal  spectra  that  are  almost  perfectly 
Iff-like  and  whose  magnitude  increases  qua^tically 
with  increasing  bias  current.  The  fact  that  this 
component  is  not  observed  in  the  LTG-MESFETs 
leads  us  to  believe  that  the  Iff  noise  is  not  fundamental 
in  nature  in  the  way  described  by  HandeL*  This 
component  could  not  have  been  masked  in  the  LTG- 
MESFETs  because  the  observed  noise  is  smaller  than 
in  the  MESFETs.  Hence,  jkheM  Iff  shaped  spectra 
could  also  be  a  manifestation  of  a  McWlxnter-s^de 
spectrum  with  a  larger  range  of  trapping  time 

constants.  _ 

The  difference  between  the  MESFET  and  the  LTG- 
MESFET  is  the  addition  of  the  LTG-GaAs  passivation 
layer.  It  appears  that  the  LTG-GaAs  passivation 
layer  modifies  the  distribution  of  the  surface  ferape, 
resulting  in  a  shift  of  the  distribution  of trapping  time 
constants.  One  can  view  this  as  shifting  ^e  upper 
limit  of  the  trapping  time  distribution  to  smaller 
values;  i.e.,  deactivating  the  deeper  tra^  that  have 
long  time  constants.  This  interpretation  is  supported 
by  ^g.  4 ,  whidi  compares  the  channel  noise  of  tile  two 
MESFETs  operating  at  5  mA  (ohmk  regime)  with  two 
different  gate  voltages.  The  observed  knee  in  the 
LTG-MESFET  spectra  is  the  oqiper  limit  of  the 
trapping  time  constants.  The  Iff  part  of  the  spectral 
intensity  fortiie  LTG-MESFET  is  sli^tly  larger  than 
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reverse  gale  current  tor  b^h  devices. 


for  the  MESFET.  (The  spectra  are  measured  in  the 
ohmic  regime  at  the  same  current  so  that  comparison 
is  warranted.)  In  addition,  since  the  magnitude  is  a 
measure  of  the  number  of  traps  that  are  active, 
■lightly  more  traps  are  active  in  the  LTG-MESFET 
than  in  the  MESFET.  From  these  two  observations, 
we  conclude  that  for  devices  operating  in  the  ohmic 
r^me,  the  addition  of  the  LTG  passivating  layer 
removes  traps  with  larger  activation  energies  ^d 
adds  (only  marginally)  traps  udth  snuUer  activation 
energies,  ^parently,  the  modification  of  the  surface 
changes  the  energy  distribution  of  the  traps.  There 
have  been  examples  where  modification  of  the  surface 
in  MOSFETs  reduced  the  trap  densi^.  In  addition, 
experiments  on  buried  channel  MOSFETs  and 
MESFETs  showed  improved  noise  performance. 


GATE  NOISE 


To  study  the  effect  of  gate  current  on  noise,  we 
measured  the  noise  with  the  drain  and  source 
fonnfliHixl  to  ground  and  a  reverse  bias  applied  to  the 
gate.  Figure  5  shows  the  gate  noise  at  1  Hz  m  a 
function  of  the  gate  current  with  =  0  V.  At  a  given 

gate  current  (10  nA  <  1^  <  1000  nA),  the  MESSFET  is 
noisier  and  the  current  dependence  of  the  noise 
is  much  stronger.  For  a  given  gate  voltage,  the  LTG- 
MESFET  has  alargergate  currentbutasmaDernoise 
coefficient,  resulting  in  quieter  operation  than  in  the 


MESFET  at  an  identical  gate-voltage. 

With  this  observation  in  mind,  let  us  reexamine 
Fig.  4.  We  observe  that  the  drain  current  noise  of  the 
MESFET  increases  more  strongly  as  the  gate  voltage 
is  changed  from  0  to  -2  V,  at  fixed  drain  current  of  5 
mA,  than  the  noise  of  the  LTG-MESFET.  Changing 
the  gate  voltage  from  0  to  -2  V  increases  the  gate 
current  in  both  devices  and  increases  the  noise  in  the 
gate  current  of  the  MESFET  more  strongly  (see  Fig. 
5).  Since  the  gate  current  flows  through  the  channel, 
the  noise  in  the  gate  current  does  contribute  to  the 
drain  current  noise  we  measure,  and  could  explain 
the  larger  increase  of  the  MESFET  drain  current 
noise. 

CONCLUSION 

Including  the  LTG-GaAs  layer  as  a  passivating 
layer  on  top  of  the  device  seems  to  reduce  the  phase 
noise  at  low  off-set  frequencies.  This  is  supported  by 
measurements  of  the  low-frequency  noise.  A  noise 
reduction  of  15  dB  was  observ^  when  the  MESFEIT 
and  LTG-MESFET  were  biased  in  saturation  with  a 
drain  current  of  60  mA. 

Further  noise  measurements  taken  when  the  devices 
were  biased  in  the  ohmic  regime  revealed  that  the 
passivation  layer  seems  to  deactivate  the  traps  with 
larger  activation  energy  and  only  marginally  increase 
the  density  of  the  shallower  traps. 

The  current  dependence  of  the  gate  noise  of  the 
MESFET  is  much  stronger  than  that  of  the  LTG- 
MESFET  and  the  noise  level  is  larger  for  gate  cur¬ 
rents  ranging  from  10  to  1000  nA.  As  a  result,  for  a 
given  gate-to-source  voltage,  the  MESFET  is  noisier 
than  the  LTG-MESFET.  Further  studies  are  under¬ 
way  to  investigate  a  possible  connection  with  the 
overlapping  passivating  layer. 
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Abstract 

Gate-breakdown  mechanisms  in  GaAs  MESFETFs  have  been  studied  by  numerical 
simulation.  The  devices  simulated  include  normal  passivated  and  ai^)assivated  MESFETs 
as  well  as  overiapping-gate  MESFETs  passivated  with  k>w-tBaq)erature-grown  (LTG) 
GaAs,  normal  GaAs,  and  silicon  dioxide.  The  breakdown  voltage  is  the  highest  for  the 
overiapping-gate  MESFET  with  LTG  GaAs  passivation,  which  agrees  widi  the 
experimental  results  reported  previously.  The  high  breakdown  voltage  is  die  result  of  an 
altered  electric  field  near  the  drain-edge  of  the  Schotd^-contact  gate.  This  field 
modification  is  achieved  most  effectively  by  using  an  overia{^ing  gate  structure.  The  LTG 
GaAs  is  the  best  passivadon  layer  because  of  its  high  resistivity  and  breakdown-field 
strength. 
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I.  Introduction 

It  has  beeo  shown  that  GaAs  layers  grown  by  molecular  beam  qntaxy  (MBE)  at 
low  teo^>eratures  (~200  *C  versos  the  normal  ~600  *Q  have  voy  hi^  resistivity  and 
breakdown  field  strengdL  This  k>w>teo^)erature-grown(LTG)  GaAs  layer  has  been  placed 
on  tty  of  the  conducting  GaAs  layer  a  MESFET  to  fadKtate  the  formatioo  of  dte 

overia{ying-gate  stracture  [1].  The  gate  breakdown  voltage  (*42  V)  of  tins  ovexhyping- 
gate  MESFET  is  much  higher  duui  the  25  V  for  die  MESFET  without  gate  ovethy. 
Although  a  Schotd^  contact  is  made  direct  to  die  conducting  GaAs  layer  with  the  gate 
metallization,  the  measured  breakdown  voltage  is  neatly  as  hi^  as  that  of  a  MISFET  in 
which  the  entire  gate  is  on  a  high-resistivity  LTG  GaAs  layer  [23].  Resnhsfiomour 
many  experimmts  consistendy  showed  diat  the  gate  breakdown  voltage  is  the  highest  for 
the  MESFET  with  LTG  GaAs  passivadon  and  an  oveila]ying-gaie  structure,  followed  by 
die  MESFET  widi  LTG  GaAs  passivadon  without  gate  overlap,  and  die  oonvendonal 
MEFSET  without  passivadon  has  die  lowest  breakdown  voltage. 

The  purpose  of  this  work  is  to  better  understand  die  mechanisms  for  the  unusually 
high  breakdown  voltage  of  the  overlapinng-gate  MESFET  and  to  study  how  die  gale 
structure  and  the  pixyerties  of  the  passivadon  layer  affect  die  breakdown  vcdtage.  Because 
of  the  uncertainty  on  the  values  of  many  physical  parameters,  sudi  as  die  mobility,  the 
saturadon  velocity,  the  irryact  ionizadon  rate  in  various  GaAs  layers,  and  die  density  and 
energy  level  of  die  traps  in  die  LTG  GaAs,  no  atteoyt  was  made  to  match  die  calculated 
results  with  die  experimental  data.  It  is  also  not  the  intendon  of  this  wmk  to  rimalate 
diffnent  ^pettf  the  MESFET  with  its  individual  doping  (xmcentration  and  gate  recess 
tydmized  for  the  highest  Ixeakdown  voltage  possible.  All  die  MESFETs  rimnbited  here 
have  die  same  ^mensions  and  the  properties  of  the  cmiducting  diannel  with  differences 
only  in  the  surface  pasrivadon  and  the  gate  structure.  The  values  of  the  {diysical 
parameters  used  were  chosen  fimn  previously  puUished  results  to  make  the  simulated 
results  as  realistic  as  posable. 

EL  Device  Structures  and  Simulation  Method 

The  cioss-sectional  structures  of  the  MESFETs  simulated  are  shown  in  Fig.  1. 

For  mHmal  MESFETs  vdth  and  without  surface  passivation  shown  in  Hgs.  1(a)  and  1(b), 
respectively,  die  gate  length  is  03  |un.  For  the  overlapping-gate  MESFET  in  Hg.  1(c),  the 
length  the  Scfaotdty-contact  portion  of  die  gate  on  die  conducting  channd  is  03  pm  and 
the  length  of  die  overlap  beycMid  the  Schotdty  contact  is  0.1  pm.  For  all  the  MESFETs  the 
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gate  is  centered  between  a  1.4  souroe-drain  ^pacing,  and  the  n-type  GaAs  oonducdng 

channel  is  500  A  thick  and  is  doped  to  6  X  lO^'^ctn'^.  Undoped  nonnal  GaAs  and  LTQ 
GaAs  with  different  tnq)S  densities  were  nsed  as  the  sar£aoe  passivadon  layer  on  top  the 
conducting  channel  An  overiapping-gateMESFETwidi  a  silicoo  dioxide  passivation  layer 
was  also  simulated  for  comparison.  The  duckness  of  aO  die  passivatioo  layers  is  200  A. 

The  LTG  GaAs  has  a  veiy  high  resisdvi^  (~  lOf'  fi-cm)  and  a  high  breakdown 
field  (~  5  X  10^  V/cm)  [4].  A  high  densiQrc^  point  defects  and  prec4)itaies  caused  by  the 
excess  As  atoms  in  the  LTG  GaAs  has  been  measured  [S].  Oneofdietwoprimaiy 
electrically  active  defects  is  a  deq>  donor-like  recombination  center  which  is  believed  to  be 
die  As  antisite  defect  Ascawidi  its  energy  level  near  die  middle  of  die  band  gap.  The 
second  one  is  an  accqitcH’-like  trap  which  is  diought  to  be  the  gallium  vacancy  Vgc  with  its 
energy  level  close  to  die  valence  band.  The  energy  levd  and  densi^  of  the  traps  dqiend 
stron^y  on  the  growth  temperature  and  the  subsequent  annealing  schedule.  Fcv  growth 
temperatures  between  200  and  300  *C,  die  denaties  for  die  donor  and  acceptor  defects 
range  fiom  10^*  to  10^^  and  10^^  to  10**  cm*^.  reflectively,  aflo-  post-growth  annealing. 

In  the  [xesent  simulation,  relative^  low  densities  of  5  x  10^^  on*^  for  die  acceptor  and  1  x 
IQi  <  cur^  for  the  donor  woe  usually  assumed  for  the  LTG  GaAs  in  txder  to  provide  ra{Hd 
convergence  of  the  numerical  sunnlatioo.  MESFETs  with  LTG  GaAs  having  twice  die 
trap  densities  were  also  simulated  and  showed  only  slight  increase  in  the  breakdown 
voltage.  The  donor  defects  were  set  at  0.7  eV  bdow  the  conduction  band  while  the 
acceptm*  defects  were  at  0.27  eV  above  the  valence  band  [6]. 

The  mobility  of  the  electroas  in  the  LTG  GaAs  with  post-growth  annealing  is  mudi 
lower  dian  that  of  nonnal  GaAs  grown  at  a  temperature  near  580  *C  In  this  simulatioa  the 
electron  and  hole  mobilities  used  were  400  and  100  cii^^*s  [^,  reflectively,  for  LTG 
GaAs,  and  5000  and  400  cmVV'S,  reflectively,  for  the  nonnal  GaAs.  The  experimental 
data  for  die  saturation  velocity  of  clectioas  in  die  LTG  GaAs  has  not  been  rfxxted.  Indus 
wmk,  we  assumed  that  the  electron  saturatioa  velocity  is  1  x  10^  ctnA  for  LTG  GaAs, 
which  is  one  order  of  magnitude  smaller  dian  the  1  x  lO^cnVs  used  fcx  the  normal  GaAs. 
The  uncertain^  of  the  saturatioa  velod^  in  die  LTG  GaAs  could  change  die  magnitnri*  of 
the  current  and  die  breakdown  voltage  bat  should  have  little  ^ect  on  the  revdation  of  the 
breakdown  mechanism.  In  normal  GaAs  layers  the  fifetime  for  electron  and  bole  are 
assumed  to  be  1  and  20  ns,  respectively.  In  LTG  GaAs  much  shorter  lifetimes  of  0.1  ps 
for  electrons  and  2  ps  fOT  holes  were  used  [4|. 
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It  has  beeo  shown  that  die  sui&ce  depletion  caused  by  soffaoe  traps  in  die  GaAs 
has  t  profound  ^ect  on  die  breakdown  vohage  of  a  MESFET  [7,8).  In  this  simulation,  a 
single  electron  trap  level  at  0.7  eV  bdow  the  conduction  band  edge  witii  a  densiQr  of  1 X 
10^2  cin*2  was  assumed  to  be  present  at  all  nonnalGaAssurfoces.  Ihe  ocoqiancy  of  these 
traps  varies  widi  die  Uas  conditions  and  the  location  of  the  trips  in  die  MESFET  in  a 
manner  gntilM-  to  that  reported  in  Ref.  [7].  The  same  traps  were  assumed  for  die 
GaAs/SiCh  interface  also.  Because  of  die  high  densiQr  of  bulk  deq>  levels  already  preseoc, 
no  surface  traps  were  added  to  the  LTG  GaAs. 

A  conmKTciaUy  available  twoK&nensiooal  device  amulation  program,  BLAZE, 
was  used  for  this  study.  It  solves  the  Poisson's  equation  and  the  current  continuity 
equations  for  both  elections  and  holes.  The  Shoddey-Read-Hall  reccHubinatioo  mechanism 
with  fixed  lifetimes  is  included.  The  generation  rate  due  to  die  mpact  ionization  is 
expressed  as 

G=  annvfl  +  otppvp.  (1) 

where  n  and  are  die  concentration  and  veloci^  electrons,  and  p  and  Vp  are  the 
concentration  and  vdocity  of  hdes.  In  Eq.  (1)  Op  and  otp  are  the  ionization  coefBdents  for 
elections  and  holes  with  a  defined  as 

a  =  A-  exp  [-  (B/E)“],  (2) 

where  E  is  the  electric  field  con^iooent  in  the  direction  of  the  current  flow.  Theconstants 
used  for  both  the  nramal  GaAs  and  the  LTG  GaAs  are  A  =  1.9  x  10^  cm*^,  B  =  5.75  x  1(P 
V/cm,andms  1.82  fev  electrons;  and  As:  2.22  x  10^  cnr^B  =  6.57  x  10SV/cm,andms 
1.75  for  holes  [9). 


m.  Simulation  Results 

The  gate  current  of  die  MESFET  was  measured  as  a  function  of  die  drain  voltage 
while  leasing  the  gate  at  a  constant  -0.2  V.  The  gate  breakdown  voltage  is  ddined  as  the 
voltage  across  the  drain  and  the  gate  at  which  the  reverse-Uased  gate  current  readies  1  mA 
per  millimeter  of  gate  widdL  Table  I  lists  the  calculated  breakdown  vdtages  and  other 
device  parameters  for  various  MESFETs.  The  nmnal  MESFET  without  top  GaAs 
passivation  has  die  lowest  breakdown  voltage  while  die  overlapping-gate  MESFET  widi 
LTG  GaAs  passivation  has  the  hi^iest  The  breakdown  vdtage  of  die  normal  MESFET 
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with  LTGGaAspasavatioo&ns  in  between  the  two.  The  calcnladoos  agree  qualitativdy 
with  the  experimental  results  [1].  Calculatk)osshowthatuseofanoveriip|nng-gale 
structure  over  even  a  nonnal  GaAs  passivation  layer  (grown  at  ~580  *C  by  MBE)  seems  to 
increase  the  breakdown  voltage  also.  Howeva.  a  dielectiic  passivation  layer  appears  less 
effective. 

In  Table  I  the  drain  saturation  current  L  transoooductanoe  gan  total  gate 

capacitance  C^,  and  the  ou^ut  lesistanoe  Rood  all  normalized  to  1  mm  gate  widdi,  were 
calculated  at  Vp  =:0V  and  4  V.  All  MESFETs  have  approximately  die  same  ga 

and  If  Ttit  excqit  for  the  MESFET  with  oxide  passivation  srinch  has  a  sli^tly  higher 
current  As  expected,  die  is  higher  for  die  MESFET  with  the  overla|^g-gare 
structure,  resulting  in  a  lower  unity<uneot-gain  frequency  fr<  d^iadation  of  the  fr  is 

approximately  10%  for  the  overlapjnng-gate  MESFET  with  LTG  GaAs  passivatiofL 
Because  the  overlapping  portion  of  die  gate  riiidds  the  Schott!^  oontaa  from  die  drain 
voltage,  the  ouqiut  resistance  of  the  overhq^ing-gate  MESFET  is  much  hi^er  duin  diat  of 
a  normal  MESFET.  A  higher  ouqiut  resistance  should  increase  the  maximum  osdllatioa 
frequency  fnm  and  inquove  die  efficwncy  for  large-signal  qplications.  Again,  a  dielectric 
passivation  layer  tqipears  to  provide  less  inqirovement 

A.  MESFET*s  with  and  without  gate  overlap 

Since  it  sppears  that  the  overlapping-gate  structure  is  essential  for  the  high 
tneakdown  voltage,  we  will  first  cooqiare  die  amulation  results  of  a  nocmal  planar 
MESFET  without  surface  passivation  (unpassivated  MESFEI),  and  MESFETs  having  an 
LTG  GaAs  passivation  layer  widi  (oveil^ing-gate  MESFET)  and  widiout  (LTG  GaAs 
passivated  MESFET)  the  0.1  pm  gate  overliq). 

For  most  GaAs  MESFETs  the  breakdown  occurs  at  the  drain-side  edge  of  die 
Schottky-contact  gate,  eqiecially  when  the  gate  is  negatively  biased.  It  has  been  shown 
that  the  decttk  field  near  die  gate  can  be  reduced  when  die  surface  of  the  conducting 
channel  between  the  gate  and  the  drain  is  depleted  [8,10].  Hgure  2  shows  die  dectron 
distribution  in  the  three  MESFETsbiasedatVdistiVandVps -0.2  V.  Fordie 
unpassivated  MESFET,  die  surface  depletion  is  caused  by  die  dectrons  captured  by  the 
surface  traps.  The  surface  dqiletioowiddi  stays  reladvdyocxistant  from  drain  to  gate  till 
reaching  the  area  very  close  to  the  gate  edge  where  the  dqiletion  region  caused  by  the 
Schottky-contact  gate  ovo-laps  widi  that  by  die  surface  tnqis. 
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For  die  overiappiog-gate  MESFET.  the  dqiletioo  width  at  the  sarfiioe  of  the 
oooductmg  dianod  increases  moaotMucally  fiom  die  drain  to  die  gale.  The  width  starts  lo 
increase  very  rapidly  near  the  edge  of  the  overiai^g  gate  which  is  Oil  iim  bq^ood  the 
edge  of  the  Schotdcy  contact  toward  the  drain.  The  overlying  potiootd’ die  gate  acts  like 
a  secondary  gate  which  originaies  an  additional  electric  fidd.  Because  the  ovedapping  gate 
is  located  above  the  conducting  channd,  this  decttk  fidd  has  a  large  component 
perpendicular  to  the  surface  <rf  the  channel  and  therefore  can  efifecdve^  modulate  the 
dqiledon  width.  This  is  equivalent  to  varying  die  surface  trap  deadly  along  the 
conducting  channel  with  an  increasing  densi^  near  die  Schotd^  gate.  This  artificially 
varied  surface  trap  density  results  in  an  optimal  fidd  disttibudon  because  a  large  surface 
depletion  near  die  gate  favors  a  high  breakdown  voltage  while  a  small  dqdetion  away  from 
the  gate  would  maintain  a  low  drain  resistanoe. 

Figuie  3  shows  die  contour  plots  of  die  electric  field  for  the  dnee  MESFETs.  It  is 
clearly  seen  that  for  die  uiqiassivated  MESFET  the  hi^iest  dectric  field  in  die  channd  is  at 
the  drain-edge  of  the  Schotiky  gate.  On  the  other  hand,  fm  the  overitqiping-gate  MESFET 
die  maximum  field  is  in  the  LTOGaAspasavarion  layer  direcdy  under  the  edge  of  die 
ovolai^ing  portion  of  die  gate.  For  the  pasavated  MESFET  the  maximum  electric  fidd  is 
still  in  die  conducting  channd  near  tbe  edge  of  the  Schotd^-contact  gate,  but  die  magnitude 
of  the  field  is  smaller  than  that  die  unpassivaied  MESFET. 

The  magnitude  of  the  electric  fidd  near  the  surface  of  die  conducting  dianud 
between  the  source  and  the  drain  contacts  is  shown  in  Hg.  4.  hi  die  overhqipiag-gate 
MESFET  die  dectric  fidd  peaks  at  the  point  direcdy  under  the  edge  of  die  overhpjnng 
portion  of  the  gate,  and  a  secondary  peak  occurs  at  die  Schottky  gale.  Because  of  the  two 
dectric-fidd  peaks,  the  fidd  near  the  gate  qneads  out  over  a  large  (fistance  and  die 
magnitude  of  the  field  decreases.  The  dectric  fidd  peak  near  the  drain  dunic  contact 
observed  by  other  studies  [7,8]  was  not  evident  in  our  simolatioo  because  dT  die  high 
doping  concentration  in  die  channd  ofdie  present  MESFETs.  The  fidd  starts  to  increase 
at  the  edge  of  the  drain  contact  when  this  doping  coDcentiadon  fdls  below  2  X  lO^'^  cnr^. 

As  expected  from  the  field  dstribudon  result,  die  inqiact  generation  rate  is  the 
highest  at  the  drain  side  of  die  gate  in  the  unpassivated  MESFET.  hitheLTOGaAs 
pasdvated  MESFET  the  generation  rate  at  the  same  location  is  qiproxiinat^  two  orders  of 
magnitude  smaller.  For  the  overiapping-gate  MESFET  die  highest  ioopact  generation  rate  is 
found  in  the  LTG  GaAs  pasavation  hqrer  under  the  overlapping  portion  of  the  ga^  and  die 
rate  is  anodier  order  of  magnitude  smaller  diandiat  in  the  passivated  MESFET.  For 
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qipraximately  the  same  fidd  strenfdi,  the  geoention  rue  in  Ae  LTG  GaAs  is  modi  smilla 
than  that  in  the  nofinal  GaAs.  In  the  LTGGaAs  fewer  avulaUe  carnets  due  to  shaner 
lifdiines  in  conjunction  with  Iowa  cama  mobflities  would  suppress  the  impact  generation 
rate  expressed  in  Eq.  (1). 


B.  MESFET*s  with  and  without  LTG  GaAs  pmssivatiom 

ff 

In  this  section  the  simulated  results  of  MESFETs  (no  gate  overlap)  with  and 
without  LTG  GaAs  passivation  win  be  conqMied.  In  Hg.S,  paths  are  plotted  along  die 
(firection  of  the  dectiic  field  from  locations  on  the  ooostam  election  conoeotratioo  contour 
in  the  channel  to  the  gate.  The  same  plot  for  the  ovedrqiping'gateMESFET  is  also  shown 
for  compariscm.  For  the  MESFET  with  LTG  GaAs  passivation  die  traces  from  points  in 
the  channel  pass  through  the  passvation  laya  to  the  gate.  For  die  uiqiassivated  MESFET 
most  traces  are  neariy  paraUd  to  die  surface  of  die  diannd  and  always  close  to  the  surface 
because  of  the  smaH  vertical  oon^xnent  of  the  dectric  field. 

Since  along  the  traces  shown  in  Hg.  S  die  dectric  field  E  is  parallel  to  the 
incremental  path  length  d,  the  total  voltage  drop  J  E*dSf  is  prcqxxtional  to  the  jncduct  of 
the  field  strength  and  the  path  lengdL  For  die  same  voltage  difference  between  the  gate  and 
a  given  point  at  the  boundary  the  dqiletionr^ioo  in  die  diannel  (where  the  dectric  fidd 

apixoaches  zero),  a  smalla  average  E  field  requires  a  ktoga  path.  Cou^aring  Hgs.  5  and 
3,  it  is  tqiparent  that  the  average  fidd  stiengdi  along  the  traces  in  the  unpasdyated 
MESFET  is  much  higha  than  diat  in  die  passivated  MESFET.  Akngapadiinthe 
passivated  MESFET  means  a  wida  dqiletion  region  at  the  top  of  die  conducting  cfaanneL 
As  a  result  the  undepleted  conducting  channd  thickiiess  starts  to  decrease  at  location  furdia 
away  from  the  drain-edge  of  the  gate.  To  maintain  a  constant  cment  throughout  the 
channd,  the  rate  of  increase  for  dectric  fidd  paralld  to  die  suifrK«  dT  the  channd  intensifies 
when  the  diicknesscrf  die  conducting  channel  starts  to  dnink.  Therefore,  die  drain-vdtage 
drops  along  the  channel  more  quickly  and  also  starting  furdia  away  firom  die  drain  side  of 
die  gate.  Consequendy,  the  voltage  difference  between  die  gate  and  die  channel  nea  the 
gate  becomes  smalla  resulting  in  a  Iowa  electric  fidd  at  die  gate. 

Also  notice  that  in  the  uiyiassivated  MESFET  most  traces  tenninate  close  to  the 
edge  of  die  gate.  On  the  odia  hand,  the  traces  in  the  passivated  MESFET  are  more  widefy 
^iread  ova  die  gate,  and  the  fidd  lines  are  less  crowded  at  the  edge  of  die  gate.  Ttusis 
anotba  reason  diat  the  breakdown  vdtage  of  die  passivated  MESFET  is  higha.  Fordie 
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overiiqipmg-gaie  MESFET  a  large  pooentage  of  die  traces  tenmnate  at  the  overiap  podioa 
of  the  gate,  lesultiiig  in  a  farther  reduction  of  die  density  of  die  field  lines  oo  the  Sdiotdcy 
gate.  The  starting  pointed  the  inoeasing  surface  dqiletion  in  the  channel  is  fuidiest  away 
fiom  the  drain-edge  of  die  Schotdey  gate  any  MESFET,  because  of  die  extensioo  of  the 
overiiq)  toward  die  drain  and  its  position  above  the  conducting  diannel. 

C.  Overlapping-gate  MESFBT'm  with  normal  ami  LTG  GoAt  passivaHom 

In  this  section  we  examine  die  effect  of  different  types  of  GaAs  passivadon  on  die 
breakdown  voltage  of  die  overlapping-gate  MESFET.  When  a  normal  undoped  GaAs  layer 
was  used  as  die  surface  pasavation,  it  was  assumed  that  diete  arc  no  interfile  traps 
between  the  undoped  pasavatkm  layer  and  the  n-t^  conducting  channel  because  all  die 
layers  are  grown  in  situ.  However,  die  same  1  x  10*^  cm'^  surface  states  were  assumed 
present  at  the  top  surface  of  the  GaAs  passivadon  layer. 

The  electric  fields  along  the  top  surface  of  the  conduedng  ebanod  from  die  source 
to  the  drain  of  the  MESFETs  with  LTG  GaAs  and  nmmal  GaAs  passivadon  are  plotted  in 
Hg.  6.  The  ekctiic  field  peaks  under  the  drain-edge  of  the  overlapping  portioo  of  die  gate. 
The  magnitude  nf  riv>.  maTimum  field  increases  with  decreasing  traps  in  the  passivadon 
layer  and  is  the  highest  for  the  normal  undoped  GaAs.  However,  the  difference  this 
maximum  field  is  leladvefysmalL  Nodoe  diat  the  magnitude  of  the  deenk  field  outade  die 
gate  area  is  higher  fix’ LTG  GaAs  passivadon.  This  is  because  the  LTG  GaAs  passivadon 
layer  widi  hi^  tnqi  denades  causes  a  larger  dqiledon  r^kai  at  die  surface  the 
conducting  channd  resulting  in  a  higher  electric  field  in  die  channel  The  highest  impact 
ionizadoo  rate  is  always  in  the  passivation  layer  direedy  under  the  drain-edge  of  the 
overh^jping  gate  with  a  lower  rale  in  the  conducting  diannel  near  the  gate. 

D,  Overlapping-gate  MESFET  with  oxide  passivation 

Since  Si()2  has  been  widdy  used  as  die  surface  passivadon  for  GaAs  MESFETs,  it 
is  interesting  to  examine  whether  using  this  oxide  in  die  ovetlq){nng-gate  structure  can  also 
improve  the  breakdown  voltage.  It  was  assumed  diat  the  same  tn^denaty  of  1  x  10*2 
cm'2  is  present  at  die  interface  of  die  conducting  diannd  and  the  oxide  passivadon  layer 
and  there  are  no  bulk  traps  in  the  oxide.  Because  the  oxide  is  an  insulaior  and  is  fiee  of 
traps,  the  electric  fidd  in  the  oxide  is  nearly  constant  as  shown  in  the  contour  plot  d  Fig. 

7.  Since  die  dielectric  constant  of  die  oxide  is  q^xendmatefy  one  diird  of  that  fix  GaAs  and 
most  interface  tnqs  are  en^  because  of  the  negadve  bias  00  die  gale,  the  dectric  fidd  in 
the  oxide  is  mneh  higher  dian  that  in  the  cooduedng  channd  and  die  field  drops  shaiidy 
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across  the  inteiface  from  the  oxide  10  the  GaAs  duumeL  Asaresakdieoveria{q>uig 
poctioo  of  the  is  oot  veiy  effective  in  dejdedng  the  efectioos  in  die  channel,  which  is 
the  requirement  for  reducing  the  field  strength  at  the  Sdiottky  contact  Thisis 
demonstrated  by  the  plot  of  the  electric  field  near  the  lop  of  the  channel,  shown  in  Fig.  6. 
Although  die  electric  field  in  the  diannel  does  increase  imda  die  dndn-edge  of  die 
overlapping  portion  of  die  gale,  die  overlapping  gate  is  not  effective  enough  to  shift  the 
maximum  field  away  from  the  edge  of  the  Scbocdcy  contact  Ihe  highest  inqiact  generation 
rate  is  sdll  found  in  the  area  near  the  drain-edge  of  the  Schotdqr  contact 

rV.  Summary 

The  simulation  results  show  that  die  overlajping-gate  MESFET  with  LTG  GaAs 
passivation  has  the  highest  breakdown  voltage  and  the  LTG  GaAs  passivated  MESFET 
without  gate  overlap  has  a  breakdown  voltage  higher  dian  that  oi  an  unpassivated 
MESFET.  The  result  agrees  with  the  experimental  data  rqxxted  previously.' The  essence 
of  adiieving  ahigb  breakdown  voltage  in  aGaAs  MESFET  is  to  have  an  increasing 
depletion  width  at  die  surface  of  the  conducting  diannel  finom  die  drain  to  the  Sdiooky  gate. 
However,  dus  width  increase  cannot  be  caused  by  die  dectiic  field  origiiiating  directly  fiom 
the  drain-edge  of  the  Sdiottky  gate  because  diis  win  not  reduce  the  electric  field  at  the  edge 
of  the  gate. 

Id  an  overlapping-gate  MESFET,  die  electric  fidd  originating  fitom  die  overlapping 
portion  of  the  gate  contributes  to  the  formatioo  of  the  depletioo  reghn  in  die  passivatioa 
and  coodocting  channel  layers  between  die  gate  and  the  drain.  This  is  equivalent  to 
providing  additional  trapped  diaige  at  die  surface  d' the  conducting  channel,  resulting  in  a 
lower  dectric  fidd  at  die  drain-edge  of  die  Sdiocdqr  contact  Since  die  most  oidcal 
lequirement  is  to  widen  the  depletion  r^^  near  die  drnn-edge  of  die  Sdiotdry  contact  the 
length  of  gate  overlap  does  not  have  to  be  large.  Because  the  breakdown  takes  place  in  the 
passivation  layer,  it  is  plauaUe  that  the  breakdown  voltage  of  dieoverbqiping  gate 
MESFET  b  conparable  to  that  of  a  MISFET  widi  die  same  pasavation  layer.as  die  gate 
insulator. 


The  breakdown  vdtage  increases  widi  the  presence  of  an  LTG  GaAs  passivation 
byer  even  without  gate  overlap.  Part  of  the  dectiic  fidd  associated  with  die  diaige  on  the 
Schottky  gale  b  confined  to  die  passivation  layer  and  terminates  at  the  ionized  depants  in 
the  chanod,  resulting  in  a  wider  dqiletion  r^on.  However,  die  dqiletion-widdi  widening 
boot  as  substantial  as  that  by  the  overltpfnng  gale.  Consequently,  the  breakdown-voltage 
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increase  is  smaller.  The  thickness  of  the  passivatioo  layer  needed  to  tnoease  the 
breakdown  voltage  depends  oo  the  (fimensioo  and  other  physical  panuneters,  such  as  the 
doping  coocentradon  of  the  channel  Usually,  this  passivatioo  layer  does  not  have  to  be 
veiy  thick  but  it  ooust  have  a  hi^  resistivity  and  should  have  a  dielectric  constant  stmflar  to 
that  of  the  channel  material  Because  of  die  low  didectric  constant  and  the  high  density  of 
interface  traps,  a  d^)osited  dielecttic  pasavatioQ  layer  for  the  overiapping-gate  structure  is 
less  effective  to  improve  foe  breakdown  voltage. 

In  conclusion,  foe  simulation  in  diis  work  eiq)lains  the  mechanism  of  increasmg 
tneakdown  voltage  a  GaAs  MESFET  with  foe  addition  a  passivatioa  layer.  The 
breakdown  voltage  can  be  further  improved  by  foe  oombinadon  of  a  proper  passivadon 
layer  and  an  ovetlappiog-gate  structure.  Because  the  high  resistivity  and  high 
breakdown  strength,  the  GaAs  grown  in-situ  at  low  temperatures  appears  to  be  foe  best 
passivadon  layer.  For  large-signal  (^)eradons  the  benefits  of  iixreased  breakdown  voltage 
and  the  ouq>ut  resistance  of  an  overhq)ping-gate  MESFET  with  LTG  GaAs  passivadon 
outweigh  the  relatively  small  increase  d  the  gate  capacitance. 
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Figure  Captions 


Hg.  1  StnKture  of  the  MESFETs  amnlated.  (a)  Ndnnal  unpassivated  MESFET.  (b) 
Noimal  passivated  MESFET.  (c)  Ovedapping-gaie  MESFET.  The  passhratkn 
layer  can  be  iKKmalGaAs,LTGGaAs,  or  oxide.  The  Scbotdcy-contact  gate  is 
die  poftion  of  the  gate  metaUizatkMi  in  contaa  the  conducting  dianneL 

Hg.  2  Electron  concentradon  in  MESFETs  biased  at  V|| »  V  and  V<k  =  6  V.  (a) 
Normal  unpassivated  MESFET.  (b)N<xinalLTGGaAs  passivated  MESFET. 

(c)  Overlapping-gate  MESFET  with  LTG  GaAs  passivation.  S  indicates  source, 
G  gate,  and  D  drain. 

Hg.  3  Electric  field  in  the  same  MESFETs  shown  in  Hg.  2. 

Hg.  4  Magnitude  the  dectric  field  near  die  surface  of  the  conducting  channel 

Hg.  5  Electric  field  and  electron  concentradon  in  die  MESFET.  The  electric-fidd  traces 
origioaie  at  the  boundary  of  the  dqiledoa  te^on  with  electron  concentration  1  x 

10^^  cm*^  and  follow  the  direction  the  field,  (a)  Normal  unpassivated 
MESFET.  (b)  Normal  LTG  GaAs  passivated  MESFET.  (c)  Overlapping-gate 
MESFET  with  LTG  GaAs  passivation. 

Hg.  6  Magnitude  of  die  electric  field  near  die  top  of  die  conducting  channel  for 
oveilapping-gate  MESFETs  vddi  different  passivadtHi  layers. 

Hg.  7  Electiic  field  in  die  oveilapping-gate  MESFET  with  oxide  passivation. 
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Abstract 

GaAs  MISFETs  with  a  low-teraperature-grown  (LTO)  GaAs  gate  insulator  and 
ion-implanted  self-aligned  source  and  drain  n+  regions  are  demonstrated.  The  resistivity 
and  breakdown  field  of  the  LTG  GaAs  insulator  were  not  changed  appreciably  by 
implantation  and  800*C  activation  annealing.  The  gate  leakage  current  remained  very  low. 
at  a  value  of  approximately  1  liA  per  ^tm^  of  gate  area  at  3  V  forward  gate  bias.  Because  of 
the  reduced  source  and  drain  resistance,  the  drain  saturation  current  and  the 
transconductance  of  self-aligned  MISFETs  increased  more  than  twofold  after  ion 
implantation . 


This  work  was  supported  by  the  Department  of  the  Air  Force,  in  part  by  a  program  with  the 
Air  Force  Office  of  Scientific  Research. 


channel  were  chemically  etched  using  the  W  gate  metallization  as  the  etch  mask.  Citric  acid 
and  HCl  were  used  to  selectively  etch  the  GaAs  and  AlAs,  respectively.  Next,  the  source 
and  drain  regions  were  implanted  with  Si  using  one  of  the  implant  schedules.  In  one 
schedule  (sample  A),  the  energy  was  30  keV  and  the  total  dose  was  2  x  10‘3  cra-2.  For  the 
other  schedule  (sample  B),  the  energy  was  50  keV  and  the  total  dose  was  3  x  10‘3  cm-^. 
The  implanted  samples  were  thermally  annealed  at  8(X)  *C  for  10  s.  Next,  standard 
Ni/Ge/Au  source  and  drain  ohmic  contacts  were  defined  by  liftoff  and  alloyed.  The 
spacing  between  the  source  and  drain  ohmic  contacts  was  approximately  7  |tm.  Finally, 
the  devices  were  isolated  by  proton  implantation.  For  comparison,  a  control  sample  that 
was  neither  implanted  nor  annealed  was  also  processed  on  tfce  same  material  in  parallel  with 
the  self-aligned  MISFET. 


in.  Experimental  Results 

The  sheet  resistance  of  the  conducting  channel  outside  the  gate  area  was  1700 
G/square  without  Si  implantation,  and  was  reduced  by  the  implant  to  620  £2/square  for 
sample  A  and  480  fl/square  for  sample  B.  The  contact  resistance  was  also  improved  from 
6.6  X  10-6  Cl  cm2  for  the  control  sample  to  1. 1  x  10*6  Q  cm^  for  sample  A  and  5.4  x  G 
cm2  for  sample  B. 

The  I-V  characteristics  of  the  MISFETs  are  shown  in  Ftg.  2.  The  maximum  drain 
current  obtainable  was  65  mA/mm  (Vg,  =  +2  V)  for  the  control  sample.  160  mA/mm  (Vg,  = 
+4  V)  for  sample  A,  and  200  mA/mm  (Vg,  =  +6  V)  for  sample  B.  The  corresponding 
pinch-off  voltages  are  -1.5  V  for  the  control,  -1.8  V  for  sample  A,  and  -3.0  V  for  sample 
B.  The  maximum  gn»  also  increased  from  approximately  20  mS/mm  for  the  control  to  35 
and  45  mS/mm  on  samples  A  and  B,  respectively.  Notice  that  even  at  6  V  of  forward  gate 
bias,  there  is  no  sign  of  gate  conduction.  The  cause  for  the  apparent  go,  compression 
shown  in  Fig.  2(c)  is  not  fully  understood.  It  may  be  related  to  Fermi-level  pinning  due  to 
traps  in  the  LTG  GaAs  insulator. 

The  forward-biased  gate  current  of  the  MISFETs  is  plotted  in  Fig.  3.  The  gate 
current  of  self-aligned  MISFETs  is  higher  than  that  of  the  control  MISFET  and  it  appears 
to  increase  with  implant  energy  and  dose.  At  a  forward  gate  current  of  10  nA  per  p.ra2 
gate  area,  which  is  acceptable  for  many  applications  in  low-power  digital  circuits,  the 
corresponding  positive  voltages  on  the  gate  are  1.83,  1.56,  and  1.08  V  for  the  MISFETs 
on  the  control  sample,  sample  A,  and  sample  B,  respectively.  The  reverse  gate-breakdown 


voltage,  also  defined  at  10  nA  per  gate  area,  is  18  V  for  sample  B  and  above  20  V  for 
sample  A  and  the  control  sample. 

RF  measurements  were  performed  using  microwave  on-wafer  probes.  The  unity- 
current-gain  frequency  fr.  derived  from  measured  small-signal  scattering  parameters,  is 
2.2, 5.7,  and  7.4  GHz  for  the  MISFETs  on  the  control  sample,  sample  A,  and  sample  B, 
respectively.  The  drain  bias  was  kept  at  2  V,  and  gate  biases,  chosen  for  a  high  go,,  were 
-0.5, 0,  and  -1.5  V,  respectively.  The  corresponding  values  of  the  maximum  frequency  of 
oscillation  f^ax  are  1.6, 2.9,  and  4,1  GHz,  respectively.  The  low  faux  values  are  probably 
caused  by  the  high  resistance  of  the  thin  W  gate.  Because  of  the  MIS  structure,  the 
estimated  0. 1  pF  of  gate  capacitance  for  sample  A  at  0  V  gate  voltage  was  approximately 
50%  lower  than  that  of  a  MESFET  with  the  same  doping  concentration. 

IV.  Discussion  and  Summary 

Self-aligned  GaAs  MISFETs  with  an  LTG  GaAs  gate  insulator  have  been 
demonstrated.  The  performance  improvement  caused  by  the  n+  implantation  is  cleariy 
shown.  The  self-aligned  MISFETs  have  a  low  gate-leakage  current  and  fj  values 
comparable  to  those  of  GaAs  MESFETs  with  similar  physical  device  parameters  indicating 
that  the  high-teraperature  aimealing  did  not  produce  any  severe  adverse  effect  Large  gate 
dimensions  and  a  lightly  doped  channel  were  used  in  this  experiment  in  order  to  easily 
identify  the  effats  of  the  n+  implantation,  which  by  itself  was  not  optimized  in  the  current 
process.  Therefore,  the  modest  characteristics  of  the  MISFETs  were  expected  and  should 
by  no  means  be  considered  as  the  performance  limit  of  the  self-aligned  LTG  GaAs 
MISFET.  In  order  to  increase  the  speed  of  the  MISFET,  the  thickness  of  the  LTG  GaAs 
insulator  and  the  gate  length  should  be  reduced  and  the  unplant  and  annealing  schedules 
should  also  be  optimized.  Experiments  in  these  areas  are  currently  in  progress. 

The  success  of  this  work  opens  the  door  to  a  new  class  of  Ga^  MISFET  with  the 
potential  of  being  the  ideal  device  for  low-power  and  high-speed  applications.  The 
fabrication  process  is  simple  and  is  standard  for  GaAs  IC  s.  Because  there  is  no  gate 
recess,  the  threshold  voltage  is  determined  mainly  by  the  epitaxial  growth,  and  good  device 
uniformity  can  be  expected. 
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Figure  Captions 

Fig.  1  Layer  structures  and  process  steps  for  the  self-aligned  LTG  GaAs  MISFET. 

Fig.  2  Ids  versus  Vd,  characteristics  of  MISFETs  with  100-|im-wide  gate  width,  (a) 

Control  MISFET.  The  vertical  scale  is  1  raA/div  and  Vj,  is  +2  V  for  the  top  curve 
with  1-V  steps,  (b)  Self-aligned  MISFET  with  30  keV  implant  The  vertical  step  is 
2  raA/div  and  Vg*  is  +4  V  for  the  top  curve  with  2-V  steps,  (c)  Self-aligned 
MISFET  with  50  keV  implant  The  vertical  step  is  2  mA/div  and  Vg*  is  +6  V  for 
the  top  curve  with  2-V  steps.  The  horizontal  scale  is  500  mV/  div  for  all  the  I- V 
curves 

Fig.  3  Measured  forward-biased  gate  current  of  the  100-|im-wide  control  and  self-aligned 
MISFET's. 
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Fig.  I  Uyer  structures  and  process  steps  for  the  self-aHgned  LTG  GaAs  MISFET. 

Fig.  2  U  versus  V*  characteristics  of  MISFETs  with  lOO-pm-wide  gate  width,  (a) 

Control  MISFET,  The  vertical  scale  is  1  mA/div  and  is  +2  V  for  the  top  curve 
with  l-V  steps,  (b)  Self-aligned  MISFET  with  30  keV  implant  Ute  vertical  step  is 
2  mA/div  and  Vp  is  +4  V  for  the  top  curve  with  2-V  steps,  (c)  Self-aligned 
MISFET  with  50  keV  implant  TTie  vertical  step  is  2  mA/div  and  V,,  is  V  for 
the  top  curve  with  2-V  steps.  Tlie  horizontal  scale  is  500  mV/  div  for  all  the  I-V 
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Fig.  3  Measured  forward-biased  gate  current  of  the  100-pra-wide  control  and  self-aligned 
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Abstract 

GaAs  and  AlGaAs  layers  grown  by  nx^ecolar  beam  q)itaxy  at  tow  tBaq)eratuies 
were  used  as  the  insulate  in  a  naetal-insulatOT-semioonductOT  (MIS)  diode  amulating  the 
gate  structure  of  a  GaAs  MISFET.  The  dtode  current  increases  after  the  high-teDq)eiatuie 
annp^iing  at  800  *C  10  s,  a  Schedule  commonly  used  fin:  ion>in:q)1antatton  activation, 

and  the  amount  the  increase  dq)eiids  strongly  on  die  insulatormaiexial  and  the  growth 
tfimperatiire.  It  appears  that  the  LTG  GaAs  grown  at  200  *C  and  the  LTG  Al^cjGa^TAs 
grown  at  3(X)  *C.  both  embedded  between  AlAs  barrier  layers  grown  at  a  normal 
temperature,  are  the  two  best  gate  insulators  when  die  higb-ten^ierature  annealing  is  a 
required  process  for  the  MISFET.  For  a  diode  with  a  300- A-thick  Alj43Ga^7As  insulator 
and  l(X)-A-thick  AlAs  barriers,  1.42  Vfiorward  bias  results  in  a  leakage  cunent  of  1  nAper 
pm^diodearea  This  tow  diode  current  proves  that  the  LTG  insulator  is  suitable  for  the 
gate  of  MISFETs. 
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L  Introduction 


GaAs  and  AlGaAs  layers  grown  by  molecuhr  beam  qntaxy  (MBE)  at  low 
tenq)ei:atures  (usually  below  3(X)  *Q  have  a  veiy  hi^  resistivity  and  breakdown  field. 
Used  as  the  buffer  layer  for  MESFETs,  the  low-tem|)erature  grown  (LTG)  layer  reduces 
the  sidegating  and  short-channel  effects  [1].  LTG  GaAs  has  also  been  successfully  used  as 
the  gate  insulator  of  GaAs  metal-insulator-semicoodoctar  field-effect-transistors 
(MISFETs)  to  increase  die  breakdown  voltage  and  the  output  power  [23].  The  same 
LTG-GaAs  MISFETs  are  ideal  for  low-voltage  and  low-power  applicatkMis  because  the 
gate  can  be  forward  biased  widiout  drawing  significant  gate  current  and  can  be  easily 
biased  with  a  single  power  sui^ly.  Forward-bias  gate  leakage  current  is  a  very  important 
device  parameter  in  low-power  electronics  because  it  determines  the  stand-by  power 
coosvmptioo  and  affects  the  logic  levds  and  the  noise  margin. 

Recently,  we  demonstrated  LTG-GaAs  MISFETs  widi  significantly  lowered  knee 
voltage  and  increased  transconductance  gm  because  of  self-afigned  n'*'  in^lantatioo  in  the 
source  and  the  drain  regions  [4].  Since  the  LTG  GaAs  is  known  to  lose  its  higbredstivity 
during  the  high-ten^ierature  annealing  required  for  implant  activation  [5],  the  MIS  layer 
structures  previously  used  for  the  gate  insulator  had  to  he  mndifieH  m  minimiTr.  tha 

degradation.  The  purpose  ofthisworic  is  to  investigate  the  effect  of  post-inqilant  annealing 
on  die  gate  leakage  current  for  various  LTG  GaAs  and  AlGaAs  layers  and  to  detennine  die 
optimal  gate  structure  for  self-aligned  MISFETs.  The  LTG  AlGaAs  was  also  included  in 
diis  snidy  because  die  LTG  AlGaAs  has  been  shown  to  have  a  resistiviiy  even  higher  dian 
the  LTG  GaAs  [6,7]  suggesting  diat  LTG  AlGaAs  could  be  a  better  gale  insulator,  hi  order 
to  sinqilify  die  measurement,  in  diis  work  MC»  diodes  widi  layer  structures  used  for  the 
gate  insulator  of  MISFETs  were  used  to  simulate  the  behavior  of  the  gate. 


n.  Background  and  Experiment  Design 

Although  the  theory  fcx  carria  transpat  in  LTG  GaAs  is  sdll  not  wen  established 
[8] ,  it  is  generaUy  believed  that  the  high  tesisdvi^  is  related  to  As  prec^itates  and  deq> 
traps  found  in  the  LTG  GaAs.  The  den»ty  of  the  deqitrqi  and  the  effective  volume  of  die 
As  preciintate  decreases  after  the  annealing  in  the  temperature  range  for  implant  activation, 
resulting  in  a  reduction  (tf  the  reasdvity.  Furthenuore,  the  As  precipitates  can  be  lost 
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during  the  high-temperature  annealing  by  outdiflfusing  to  the  surface  and  evaporate  from  the 
wafer[9].  Thisexcess-Ask)sscanoocurevenduiingdieiiKMefDodest600*Cpost- 
gtowth  in-situ  annealing  in  the  MBE  chamber  [10],  and  the  loss  is  more  severe  during  the 
implant  activation  annealing  which  is  usually  done  at  temperatures  above  800  *C  Any  loss 
of  As  precipitates  can  be  serious  for  the  MISFET  because  only  a  thin  LTG  insulator  is  used 
for  the  gate  and,  thus,  the  numbered  the  As  piecqntates  is  limited.  Because  it  has  been 
shown  that  an  AlAs  layer  is  a  good  diffusioo  barrier  for  As  precipitates  in  quantum-well 
structures  [11,12],  such  a  layer  is  added  to  die  top  of  the  LTG  insulator  in  our  MIS 
structure  to  (uevent  As  outdiffiidon  during  the  high  temperature  annealing.  The  addition  of 
this  top  AlAs  barrier  is  die  major  departure  fiom  the  standard  MIS  gate  structure  used  in 
previous  work  [2,3]. 

The  parameters  associated  with  the  insulatm’diat  affect  die  current  are  the  growth 
teuperature,  layer  thickness,  and  the  type  of  the  insulaux-,  such  as  whether  it  is  a  GaAs  or 
AlGaAs  and  the  Almde  fraction  in  the  AlGaAs.  Since  die  density*^  the  deep  traps  and  die 
As  prediHtates  in  the  LTG  GaAs  generally  increase  widi  decreasing  growth  temperatures  to 
approximately  200  *C  [8,13,14],  the  resistivity  also  increases  with  decreasing  growth 
temperature.  Intuitively,  a  low  growth  temperature  should  be  used  for  a  lu^-resistivity 
gate.  However,  the  traps  and  the  As  precipitates  are  very  sensitive  to  the  high-teoperature 
annealing,  it  is  expected  that  die  properties  of  the  LTG  GaAs  grown  at  lower  temperature 
would  be  affected  more  by  the  annealing.  Thoefoce,  one  of  the  goals  of  this  wmk  is  to 
detennine  whether  a  low-growth-temperature  is  still  preferred  when  die  layer  will  be 
subjected  to  implant-activation  annealing.  In  this  experiment,  LTG  GaAs  layers  were 
grown  at  either  200  *C  or  350  *C  and  the  LTG  AlGaAs  layers  were  grown  at  250  *C  or  300 
*C  to  investigate  the  effect  of  the  growth  temperature.  Because  AlGaAs  grown  at  die 
normal  temperature  has  been  used  as  the  gate  material  to  reduce  the  gale  current  with  sonoe 
success  [15],  the  AlGaAs  layer  grown  at  the  normal  600  *C  was  also  compared. 

The  diode  current  always  decreases  widi  increasing  insulator  thickness,  but  in  order 
to  maintain  a  high  ^  the  gate  insulattx’  should  be  kpt  as  thin  as  possible  so  long  as  the 
gate  current  is  acceptably  low.  In  this  work,  diodes  with  300-  and  800-A-diick  insulators 
arestudied.  When  die  diameter  the  As  prec^tate  becomes  comparaUe  to  or  greater  dian 
the  diickness  of  the  LTG  GaAs,  die  {xecipitates  have  a  tendency  to  diffuse  through  dun 
AlGaAs  or  AlAs  barriers  to  the  nei^boringlayos  [12].  As  a  result,  the  resistivity  die 
LTG  GaAs  can  decrease  dramatically  and  die  outdiffiised  As  may  destroy  die  adjacent 
axiducting  dianneL  Even  if  die  LTG  GaAs  layer  can  accommodate  all  die  preepitates,  a 
high  density  of  As  prec^tates  in  a  diin  layer  may  form  a  continuous  semi-metallic  sheet 
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and  prevent  channel  modulatkm  [12].  Hierefore,  the  LTG  AlGaAs,  which  has  a  far  lower 
density  of  As  prec^tates  and  slower  growth  rate  of  the  azc  of  the  As  piec^itaie,  seeoas 
mne  suitable  for  thin-insulator^jplicationsdian  the  LTG  GaAs.  Because  of  these 
considerations,  in  our  study  only  AKjaAs  layers  were  used  for  the  dun  3(X)-A  insulator 

while  bodi  GaAs  and  AlGaAs  layen  were  oooqaied  as  the  800-A  insulator.  In  adefitkm. 
among  diodes  widi  a  30B-A-duck  insulator,  LTG  AlGaAs  layers  with  31%  and  43%  A1 
mole  fractions  are  compared  to  investigate  die  effect  of  the  bandgap  on  the  resistivity. 

The  experimental  results  in  rids  rqxjrt  are  divided  into  three  parts.  In  the  first  part, 
an  LTG  GaAs  MISFET  structure  was  examined  by  the  transmission  dectron  microscopy 
(TEM).  In  die  second  part  of  the  experiment,  die  effect  of  the  implant-activation  annealing 

<Mi  the  diode  current  of  MIS  structures  with  800-A-thick  LTG  GaAs  or  LTG  A1  jiGa,69As 
was  studied.  In  die  final  part,  die  insulatn’  was  limited  to  the  300-A-thick 
AlGaAs.  The  effects  of  varying  the  A1  mole  fraction  of  the  AlGaAs  and  die  growth 
temperature  are  included  in  dds  section. 


in.  Device  Fabrication 

As  shown  in  Rg.  1,  the  MBE-grown  qiitaxial  layers  for  the  MIS  diode  conast  of  a 
SOOO-A-diick  n+ GaAs  contact  layer  doped  with  Si  to  2  X  lOt^cnr^onasenri-insulating 
GaAs  substrate,  a  5000-A-ddck  n-type  GaAs  active  layer  doped  to  5  x  10^*  enr^  a  100-A- 
thick  undoped  AlAs  barrier  layer,  an  LTG  insulating  layer  with  varioos  thickness  and 
material  con^xisitioo,  anodier  100-A-thick  undoped  AlAs  barrier  layer,  and  finally,  a  5Q-A- 
thi(±  undoped  GaAs  ctp  layer.  All  the  layers  excqit  the  LTG  insulator  were  grown  at  600 
•C  The  growtilitempaaturc  for  the  LTG  insulator,  ranging  from  200 10  350 'C,  is 
qiecified  in  the  next  section  for  eadi  particular  diode.  The  n-type  GaAs  layer  ooereqioods 
to  the  conducting  diannel  in  a  MISFET  and  an  the  layers  above  it  are  treated  as  the  gate 
insulator.  As  for  the  MISFET  structure  used  in  the  lEM  study,  the  GaAs  caps  and  aU  the 
AlAs  baniers  are  200  A  thick  and  the  n-type  active  layer  is  1000  A  duck  and  doped  to  2  x 
10^^  cnr^.  The  thicknesses  for  the  LTG-GaAs  gate  insulator  and  theLTG-GaAs  buffer,  aU 
were  grown  at  200 ’C  arc  800  A  and  5000  A,  respectively. 

After  growing  the  LTG  insulator  and  prior  to  the  growth  of  die  top  AlAs  banier,  die 
wafer  was  annealed  at  600  *C  for  10  min  in  the  growth  diamber.  Bbekation  of  the  diode 
starts  by  forming  150-pm-diametcr  TT/Au  dots  using  photoresist  lift-off.  Diode  isolation 
was  accon^lished  by  wet  etdiing  to  the  n-*-  GaAs  contact  layer  u^g  the  TVAu  metallizatioo 
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as  Aeself-alignedetdunask.  TbeoaN|/Gc/Aa  grtalliTation  was  dqxjsited  oo  the  contact 
layer  and  alloyed  to  form  die  cadKxfe  of  ibe  diode.  MISFETs  were  fabricated  on  die  wafer 
used  for  the  TEM  study  and  the  fabricadoo  process  was  described  in  Ref.  4. 


IV.  Experimental  Results  and  Discussion 

A.  TEM  study  of  an  LTG-GaAs  MISFET  Structure 

The  photographs  in  Fig.  2  are  die  cioss-secdonal  TEM  images  of  an  as-grown 
san^le  and  the  same  sample  after  rapid  Ifaennal  anneal  (RTA).  The  RTA  was  deme  at  800 
'CfOT  10  s  using  a  GaAs  substrate  as  the  proxmdQr  cap.  Thioug^iout  diis  paper  die  tenn 
"annealing"  is  referred  to  this  RTA  process  whidi  is  suitable  for  inplant  aedvadon.  All  the 
LTG  samples  have  been  annealed  at  600  *C  for  10  min  in-situ  before  being  taken  out  of  the 
MBE  growth  chamber  for  process. 

The  As  preepitates  are  uniformly  distributed  in  the  LTG  GaAs  layers  in  both  the  as- 
grown  and  the  annealed  sanples,  and  they  are  not  found  in  the  normal  GaAs  layers  below 
or  above  the  LTG  GaAs  insulator.  The  average  diametears  of  the  As  precipitates  are  35  A  in 
the  as-grown  sample  and  1  IS  A  in  the  annealed  sanple  wfaidi  are  consistent  with 
previously  rqwtted  results  [12].  Because  there  are  no  As  precipitates  in  the  top  GaAs  cap 
layer  and  no  sign  of  preepitate  difiudon  in  the  LTG  GaAs  layer,  it  is  bdieved  that  the 
pnpetties  of  die  LTG  GaAs  are  the  same  duoughout  the  layer  and  the  loss  of  As 
preciintaies  ipoo  RTA  is  n^gible.  Aldiougb  ddnner,  100-A-thick  AlAs  barriers  were 
used  in  our  MIS  diode  structure,  they  should  stin  be  effect  barriers  based  00  the  current 
TEM  results  and  previously  poWshed  data  [1 1]. 

B.  Diodes  mth  an  SOO-A-tfuck  insulator 

Diodes  were  fabricated  with  an  SOO-A-diick  LTG  GaAs  insulator  grown  at  either 
200  *C  ot  350  *C  Because  an  Al3Ga.7As  insulator  grown  at  300  *C  has  a  resisdvi^  much 
higho'  than  any  LTG  GaAs  [7],  a  third  diode  widi  an  800-A-thick  LTG  AljiGa.fi9As 
insulatcx’  was  also  fabricated.  As  shown  in  Hg.  3(a),  before  annealing  the  diode  with  LTG 
AljiGa.69As  insulator  has  die  lowest  gate  current  and  the  diode  widi  the  LTG  GaAs 
grown  at  350  *C  has  the  highest  The  current  difference  between  each  sanple  is 
approximately  twoorders  of  magnitudeip  to  2  Vcf  forward  Because  die resistiviiy 

is  die  highest  for  die  LTG  A1  jiGa.69As  grown  at  300  *C  fT]  and  the  lowest  for  the  LTG 
GaAs  grown  at  350  *C,  the  measured  results  suggest  dial  die  resistivity  of  the  insulator 
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detenmnestheforwaid-buscurieot  Anodierevkfeaoediat  die  LTGGaAs  grown  at  lower 
tMT»p#»tatiire  is  more  resistive  is  diat  the  gate  current  of  our  diode  with  an  800-A*diick  LTG 
GaAs  grown  at  200  *C  is  coiryarable  to  that  ci  a  previously  tqtorted  diode  widi  an  2000- 
A-thick  LTG  GaAs  grown  at  250  *C  [6]. 

After  the  RTA  the  diode  current  iiKxeases  for  an  samples.  The  current  increases  by 
a  factor  of  five  to  six  between  0  and  2  V  of  forward  bias  for  diodes  widi  an  LTG  GaAs 
in'gnlatnr  and  the  Current  for  the  diode  with  the  LTG  GaAs  grown  at  200  *C  is  sdU  lower 
fhan  fhat  with  LTG  GaAs  grown  at  300  *C.  As  for  the  LTG  AljiGa.S9^  diode,  after  the 
RTA  die  current  increases  by  two  to  three  cnders  in  the  same  voltage  range  and  die  current 
becomes  comparable  to  diat  for  the  LTG  GaAs  diodes  after  die  same  RTA.  It  is  known  that 
die  hig^  bonding  energy  of  A1  to  As  makes  it  more  difficult  for  die  excess  As  to  form 
precipitates  in  die  LTG  AlGaAs  than  in  die  LTG  GaAs,  and  the  aze  of  die  As  prec^itates  is 
also  less  likely  to  grow  quickly  upon  higb*temperature  treatment  [12].  Therefore,  a 
possible  explanation  fw  the  more  severe  degradadon  of  the  LTG  Al3iGa.69As  is  diat  die 
RTA  effectively  reduced  the  density  of  die  deep  traps  while  the  formation  and  die  growth  of 
die  As  precipitates  lagged,  resulting  in  a  fast  reduction  in  resistivity.  The  eiqierimental 
results  are  consistent  widi  die  dierxy  that  both  defect-related  deqi  tra^  and  As  predpitates 
contribute  to  the  high  resisdd^  of  the  LTG  materials. 

As  shown  in  Fig.  4  the  reverse-biased  diode  current  is  less  sensidve  to  the  type  rtf 
LTG  material  than  the  forward-bias  current  and  does  not  increase  significandy  after 
annealing.  The  main  reason  is  diat  under  die  reverse-tnasconditioa,  a  dqiletkm  region  is 
formed  in  the  n-type  normal  GaAs  layer  underneath  die  gate  insulator  and  a  agnificant 
portion  of  the  applied  negadve  voltage  dre^  across  this  regioQ-  Because  the  breakdown 
strength  of  the  LTG  material  is  usually  larger  than  diat  the  normal  GaAs,  reverse 

breakdown  is  most  likely  to  take  place  in  the  doped  GaAs  layer.  Consequently,  the 
reverse-biased  current  or  the  breakdown  voltage  is  less  sensitive  to  die  diange  of  properties 
of  the  LTG  insulator  after  annealing.  The  result  also  suggests  diat  in  an  actual  MISFET, 
the  doping  concentratioa  of  die  diannel  and  other  physical  parameters,  such  as  die  diannel 
thickness  and  gate-drain  placing,  would  play  a  more  in^xmant  role  in  determining  die 
reverse  breakdown  voltage. 

In  a  digital  circuit  the  fmward-lnas  gate  voltage  of  a  MISFET,  at  which  the 
accqitaUe  maximum  gate  current  is  reached,  determines  the  allowaUe  vedtage  swing  and 
the  stand-by  power  consumptimi  and  is  one  of  the  most  impOTtantparariieters  to  optimize. 

In  order  to  evaluate  the  quality  of  various  LTG  insulators  for  low  gate-entrent  MISFET 
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applications,  the  turn-on  voltage,  defined  here  as  the  forwaid-bias  voltage  at  which  the 
diode  cunent  reaches  1  oA  per  poo?  diode  area,  was  measured  and  listed  in  Table  L  The 
iea^)enture  in  the  parendie^  following  a  material  ^Kcifies  its  growth  tempenture  and  the 
item  ”AV  is  die  amount  of  the  vohage  decrease  after  the  annealing.  RefeiringtoTaUel 
the  3.71-V  the  tum-oo  voltage  before  the  RTA  is  die  faigjbest  and  was  measured  on  die 

diode  with  die  LTG  AljiGa.69As  insulator.  However,  after  die  annealing  the  highest  turn¬ 
on  voltage  among  aU  die  diodes  decreased  to  1.81  V  and  was  obtained  on  die  diode  with 
the  LTG  GaAs  grown  at  200  The  tum-on  voltage  for  the  diode  having  die  LTG 
Al3iGa.69As  insulator,  which  was  the  highest  before  die  RTA,  was  reduced  by  more  than 
60%  to  1.31  V  after  the  annealing.  Ihe  breakdown  voltages,  defined  at  1  mA  of  the 
reverse-biased  current  fOT  die  ISO-pm-diameter  diode,  are  also  induded  in  Table  I  and  diey 
did  not  change  much  with  the  annealing. 

Next,  the  importance  of  the  AlAs  barrier  layer  above  the  Lltj  GaAs  during  the 
annealing  was  studied.  Two  sanqiles  from  each  of  the  two  wafers  having  the  LTG  GaAs 
ingiilarnr  were  first  etched  to  selecdvely  remove  die  tc^  GaAs  ctp  and  the  AlAs  barrier. 
Afro-  annealing  cme  die  two  saiqiles  from  each  wafer,  diodes  were  made  on  all  four 
samples  in  the  same  way  described  in  the  previous  section.  Table  I  shows  diat  for  the 
diode  having  the  LTG  GaAs  grown  at  200  *C  befrne  the  RTA,  the  tum-oo  voltage  was 
2.41  V  for  unetched  and  2.33  V  for  the  sample  (marked  fay  No  AlAs*  in  Table  I)  with  the 
GaAs  cap  and  die  top  AlAs  barrier  removed.  This  small  vohage  decrease  in£caiesdiat  die 
low  diode-current  in  this  type  of  MIS  strucuire  can  be  attributed  mosdy  to  the  LTG 
ingilatnr  and  that  the  wide-bandgsp  ALAs  barrier  laya*  may  play  ody  a  minor  role. 

After  die  RTA  die  current  die  diodes  having  the  LTG  GaAs  insulator  and  the  top 
AlAs  barrier  is  approximately  ten  times  lower  than  that  of  the  diode  with  the  top  AlAs 
barrier  removed.  As  shown  in  Table  I,  die  decrease  of  the  tum-on  vdtage  as  the  resuh  of 
tbe  RTA  is  always  larga- for  the  (fiode  with  die  tqp  AlAs  barrier  eldied.  This  comparison 
suggests  that  without  the  AlAs  layer  on  top  of  the  LTG  GaAs  insulatcv,  a  fair  amount  of  the 
excess  As  may  have  been  lost  during  the  annealing,  resulting  in  a  large  increase  of  die 
diodecurrent  Again,  die  change  of  die  diode  current  under  revised  bias  is  smaller. 

C.  Diodes  with  a  300-A-thidc  insulator 

In  this  part  of  the  wnk  the  thickness  of  the  LTG  AlGaAs  insulator  was  reduced  to 
300  A  while  the  diicknesses  of  die  other  qntardal  layers  were  kqH  die  same.  Fora 
semicoQductCH’ the  resistivity  generally  increases  widi  the  bandgap.  Therefore,  dwLTG 
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AlGaAs  with  an  A1  mole  firactioo  of  43%  (whidi  gives  nse  to  die  higibest  (fiiect-bandgip 
energy)  was  used  as  the  insulator  in  a^don  to  die  LTG  AlGaAs  with  3 1%  A1  discussed 
earikr.  Since  the  LTG  AlGaAs  grown  at  lower  tenqwFaiuxes  has  a  hig^iesisdviQr[7)i 
MIS  diodes  with  LTG  Al43Gaj7As  insulator  grown  at  both  2S0  *C  and  300  *C  were 
compared.  For  31%  of  A1  mole  firacdon,  only  the  LTG  AljiGaj69As  layer  grown  at  300 
*C  was  studied.  Another  AljiGaj^As  layer  was  grown  at  die  nonnal  600  *Cwhidi  is 
used  as  the  control  san^le  to  evaluate  the  m^itovement  the  LTG  AlGaAs  layers  provide. 

Measured  forwaid-tnased  currents  for  diodes  with  various  AlGaAs  layer  are  shown 
in  Fig.  S.  Conqiaring  to  Fig.  3(a),  one  can  see  diat  by  reducing  the  thickness  of  the  LTG 
AljiGa.69As  grown  at  300  *C  from  800  to  3(X)  A,  the  current  increases  by  approximate^ 
three  orders  of  magnitude  up  to  2  V  of  ftvwaid  bias.  As  shown  in  Hg.  5(a),  an  increase  of 
the  A1  mole  firacdon  from  31%tD43%atthe  same  growth  temperature  of  300  *C  lowers  die 
gate  current  of  die  diode  only  sligfady  without  die  RTA.  However,  decteasiiig  the  growth 
teixqierature  of  the  AljiGa .^^As  from  die  normal  600  *C  to  die  300  *C  in  die  low- 
tempcrature-growth  regime  reduced  die  current  rignificantly.  hitlielow-tBn^ieratute- 
growdi  regime  addidonal  current  reduction  can  be  achieved  1^  lowering  the  growth 
temperature  further  from  300  to  250  *C,  as  depicted  by  die  curves  for  the  (bodes  with  die 
A1.43Ga 37AS  insulates  shown  in  Hg.  5(a). 

The  currents  fm*  the  same  group  (^dkxles  after  die  RTA  are  plotted  in  Hg.  5(b). 
Hrst,  the  efiTecterf  the  growth  temperature  of  the  AlGaAs  layer  is  exandned  Inthelow- 
growth-tempoature  regiine  widi  43%  A1  mole  fraction,  the  current  for  die  (fiode  with 
A1.43Ga 57AS  grown  at  2S0  *C  increased  dramatically  while  die  current  inoeased  more 
mcxlesdy  for  die  dicxle  with  die  Alx}Gaj7As  grown  at  300  *C  Actually,  the  current  for 
die  diode  widi  Al^jGa j7As  grown  at  250  *C  becomes  higher  dian  that  widi  Al,43Ga.57As 
grown  at  3(X)*(^  a  reversal  die  results  beftxe  the  RTA.  For  31%  Almcde  fraction,  the 

current  increase  dicxles  widi  LTG  A1  j iGa.59As  grown  at  30(rC  insulator  is  also 

significant  while  the  current  changes  very  litde  for  diodes  with  the  normal  Al3iGa.a9As 
grown  at  600  *C  Although  the  A1  mole  fractions  are  not  the  same  for  all  die  AlGaAs 
insulatcas  studied,  the  result  reveals  the  trend  that  the  degree  of  die  property  change  after 
die  RTA  increases  widi  decreaang  growth  tenqierature: 

Fex*  the  same  3(X)  *C  growth  ten^ierature  die  cuixent  (tf  die  (fiode  having  die 
Al3iGa.£9As  with  31%  A1  increased  significandy  after  RTA  while  the  current  of  the  diode 
having  die  A1^3Ga37As  with  43%  A1  hardly  changed.  By  comparison,  the  current  of  the 
diode  with  die  Al43Ga37As  insulator  grown  at  300  *C  measured  in  diis  work  is 
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approximately  four  orders  of  magnitude  lower  than  the  gale  cunent  of  «  MISFET  with  an 
Al^Ga^  insulator  grown  at  the  normal  temperature  reported  previously  (IS].  Botfaof 
these  samples  have  goite  through  a  similar  RTA  process  and  die  ducknesses  for  the 
AljGa^inRef.  ISandthe  Al43Ga57Asinourdiodeaie600Aaiid300A« 
reflectively.  The  advantage  of  growing  the  AlGaAs  with  a  hi^Al  content  at  low 
temperatures  becomes  obvious. 

All  the  measured  data  frv  diodes  with  a  300-A  AlGaAs  insulator  are  listed  in  TaUe 
n  with  die  same  parametns  used  in  Table  L  Results  shown  in  Table  n  indicate  that  die 
AlGaAs  layer  becomes  less  sensitive  to  the  RTA  with  a  higher  growth  tenfierature.  Amm¬ 
on  voltage  of  2.57  V  was  measured  (ex'  the  diode  with  the  AlxsGa^rAs  grown  at  250  *C 
and  is  the  highest  among  all  diodes.  However,  this  turo-on  vdtage  dre^  mote  than  50% 
to  1.12  V  afto*  the  RTA  and  is  lower  than  the  1.42  V  for  the  (fiode  with  the  Alx3Ga^7As 
grown  at  300  *C  The  turo-on  voltage  fex  the  diode  with  die  Al3iGa.£9As  grown  at  the 
n<xmal  600  *C  did  not  decrease  mudi  after  die  RTA  bat  it  was  always  higher  than  those  for 
the  diodes  with  the  LTG  Al3iGa.69As.  Althouglh  the  LTG  AlGaAs  and  GaAs  layers 
grown  at  a  voy  low  temperature  may  appear  to  be  ideal  if  no  annealing  is  required  in  the 
process,  die  long-term  telialnlity  issue  should  be  addressed  due  to  their  poor  diermal 
stability. 

On  two  samples  having  an  Al^Ga^7As  insulator  grown  at  300*C,  the  tc^  GaAs 
cap  and  the  AlAs  barrier  were  etched.  The  cunent  increase  after  the  RTA  is  rpproximaiely 
two  orders  of  magnitude  higher  than  diat  with  the  tt^AlAs  barrier.  It  appears  that  die 
presence  of  the  AlAs  hairier  during  die  high-temperature  annealing  is  equal^impOTtant  to 
the  LTG  AlGaAs  as  to  die  LTG  GaAs.  The  difference  of  the  reverse-biased  current  brfore 
and  after  the  RTA  for  an  die  diodes  with  AlGaAs  insulators  is  small 


IV.  Conclusion 

The  dependence  the  current  on  the  LTG  GaAs  and  AlGaAs  insulators  in  an  MIS 
diode  similar  to  the  gate  structure  of  a  MISFET  was  studied.  Theamoontr^theforwaid- 
tnased-current  increase  after  the  RTA  varies  widely  with  the  type  of  the  insulator.  On  die 
other  hand,  die  reverse-bias  current  does  not  change  much  after  annealing  and  is  not 
senative  to  the  type  of  die  insulator.  Theadded  AlAs  barrier  on  top  of  die  LTG  insulator 
appears  to  prevent  the  outdiffusion  df  the  excess  As  in  die  LTG  insulator  and,  dins, 
alleviate  die  degiadaiioQ  of  die  resistivity  during  the  RTA. 
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In  conclusion,  when  used  as  the  insulator,  the  LTG  GaAs  and  AlGaAs  layers  dww 
significant  inq)roveiDent  con^Mied  to  the  coimnooly  used  nonxial  AlGaAs  in  reducing  the 
f<xw^*biased  diode  cuireat  and  both  the  LTG  GaAs  and  LTG  AlGaAs  could  be  used 
satisfactorily  as  the  MIS  gate  insulator  in  a  self-aligned  MISFET.  Because  of  die  vast 
variation  ci  their  prcyerties,  die  type  of  the  LTG  insulator  and  the  growth  temperature 
should  be  optimized  for  ^lecific  device  and  process  icqairements.  For  all  the  insulating 
layers  we  tested,  the  LTG  GaAs  grown  at  200  *C  and  die  LTG  Al>(3Ga37As  grown  at  300 
*C  yielded  the  lowest  diode  current  after  the  RTA  similar  to  that  used  for  implant  activation. 
On  the  other  hand,  if  no  high-tenqieratuie  annealing  is  required  for  device  fabrkatioa,  the 
A1.43Ga^ As  grown  at  even  lower  250  *C  is  the  insulator  fev  the  lowest  diode  cunenL 
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Figure  Captions 


Fig.  1  Layer  structure  the  MIS  diode. 

Fig.  2  Cross  sectional  TEM  of  an  LTG  GaAs  gate  layer  sandwiched  by  AlAs  barriers. 
All  the  layers  were  grown  at  600  *C  except  for  the  LTG  GaAs  wiiich  was  grown 
at200*C  The  thickness  for  all  the  AlAs  layers  and  d)e  GaAs  cap  layers  is  200 
A.  The  LTG  GaAs  insulator  is  800  A  diidr,  the  GaAs  channel  is  1000  A  thidc, 
and  the  LTG  GaAs  buffer  is  SOOO  A  thick.  Notice  that  dieie  is  no  As  prec^itates 
in  die  GaAs  cap  layer,  (a)  Before  annealing,  (b)  After  aiuiealing. 

Fig.  3  Measured  forward-biased  current  of  diodes  with  an  800-A-thick  insulator,  (a) 

Before  annealing,  (b)  After  annealing. 

Hg.  4  Measured  reverse-biased  current  of  diodes  with  an  800-A-thick  insulator,  (a) 

Before  annealing,  (b)  After  annealing. 

Fig.  5  Measured  current  of  diodes  with  an  300-A-thick  LTG  AlGaAs  insulator,  (a) 

Before  annealing,  (b)  After  annealing. 
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